APPENDIX A. NUCLEAR POWER PLANT
ELECTRICAL CABLE FUNDAMENTALS

A.1 Introduction

The function of electrical cable is to provide a medium for transmitting electrical energy (power
control or signals) between two points in a common electrical circuit, while simultaneously
maintaining the electrical isolation of the transmission path from other elements of the same circuit
and from other co-located circuits. Cable failure, therefore, implies loss of continuity in the energy
transmission path or diversion of a sufficient fraction of the available electrical energy to an
unintended circuit destination such that proper function of the circuitis no longer assured. A typical
boiling-water reactor (BWR) requires approximately 97 km (60 miles) of power cable, 80.5 km
(50 miles) of control cable and 402 km (250 miles) of instrument cable. A pressurized-water reactor
(PWR) may require far more, as illustrated by the containment building of Waterford Steam Electric
Generating Station, Unit 3 which required nearly 1,609 km (1,000 miles) of cable (NUREG/CR-6384).
The majority of fire dynamics, fire risk evaluations will focus on electrical cables because of their
thermal fragility. Itis therefore necessary to have a fundamental understanding of electrical cables.

Fire can cause cable failures in several ways. Experience from actual fire events has shown that
different modes of fire-induced failures in electrical cables can in turn, produce a variety of circuit
faults, leading to a range of circuit faulting behaviors. The risk implications of a given circuit fault
depend upon the associated component function.

This appendix describes the types of cables commonly encountered in nuclear power plant (NPP)
applications and the modes of cable failure that might be observed. It also discusses the potential
impact of various cable failure modes on power, control, and instrumentation circuits. In addition,
this appendix identifies the factors that can influence the potential for each of the identified cable
failure modes that may result from a fire. Because of the large quantity of cable in a typical NPP
and the fact that much of the cable material (e.g., polymer insulation and outer jacket) is
combustible, cables frequently comprise a significant fraction of the total combustible load in many
areas of an NPP.

The fire at Browns Ferry Nuclear Power Plant (BFNP) Unit 1, provides the classic example of how
loss of function and spurious signals can occur as a result of a cable fire (NRC Bulletin BL-75-04).
As such, itrepresents one of the most serious events ever experienced ata U.S. commercial NPP.
In that fire, which was initiated by a candle flame igniting polyurethane foam in an improperly sealed
penetration, temperatures as high as 816 °C (1,500 °F) caused damage to more than 1,600 cables
routed in 117 conduits and 26 cable trays. Of these, a large number were safety-related. The
number of damaged safety-related cables can be categorized by Unit as: 482 from Unit 1, 22 from
Unit 2, and 114 common to both units. As a result, the reactor lost control power to a significant
amount of emergency core cooling system (ECCS) equipment. In fact, at one point in the event,
all power to Unit 1 ECCS motors and valves was lost.
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Furthermore, fire-induced short circuits caused many instrument, alarm, and indicating circuits to
provide false and conflicting indications of equipment operation, thereby impeding operators’ ability
to control reactor safety functions. For example, one panel indicated that all ECCS pumps were
operating, while another panel indicated that there was no need for this operation. The fire was
contained to a relatively small interior area of the plant [the cable spreading room (CSR) and Unit 1
reactor building] and the conditional core damage probability, for the event has been estimated
to be about 0.4 (NUREG/CR-2497, “Precursors to Potential Severe Core Damage Accidents:
1969-1979, A Status Report,” Volume 1 and 2).

The most intense part of the fire, which involved burning stacks of horizontal cable trays, covered
an area roughly 3.3 m (10.9 ft) by 2.5 m (8.2 ft) in dimension. Because of reluctance to use water,
fire suppression was considerably delayed, and the fire burned some 7 hours after it started.

A.2 Electrical Cable Construction

Cables come in a wide variety of configurations. The primary configuration features that define a
given cable are the size of the individual conductors [expressed using the American Wire Gauge
(AWG)], the number of conductors, shielding and/or armoring features, and the insulation/jacket
materials used.

Of the materials available for use as cable insulation and jacketing, the broadest categories are
thermoplastic and thermoset. Thermoplastic materials melt when heated and solidify when cooled.
Thermoset materials do not melt, but do begin to smolder and burn if sufficiently heated. In
general, thermoset materials are more robust, with failure temperatures of approximately 350 °C
(662 °F) or higher. Thermoplastic materials typically have failure temperatures much lower than
218 °C (425 °F), where failure is typically associated with melting of the material.

Cables typically consist of one or more metallic conductors, insulation, filler, shielding, sheaths, and
jacket. Each metallic conductor (generally copper or aluminum) is electrically isolated by being
encased in alayer ofinsulation. The insulation, which is often considered the single mostimportant
component of the cable is typically made from a dielectric material (e.g., plastic, rubber, polymeric,
silicone-based, or rubber-based material of some type). The term “sheath” commonly refers to an
aluminum or steel jacket, rather than rubber or plastic (e.g., armored sheathed cable). Some
cables may also include one or more shields consisting of metallic tape, composition tape, or a
metallic braid. The shield is wrapped around the insulated conductors under the jacket or sheath.
Single or multiple insulated conductors with their associated shields and sheaths are grouped
together within a single integral protective jacket. The jacket serves a strictly utilitarian purpose
(physical protection) and has no electrical function.

Cable jackets are typically constructed of rubber or plastic materials. The purpose of the jacket is
to provide the insulated conductor(s) with physical or environmental protection, and/or increased
flame retardancy. Cable jackets designed for increased flame retardancy slow the flame spread
across the jacket and reduce the fuel contribution from the cable once ignited. Nevertheless,
having increased flame retardancy does not ensure functionality.
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Insulation plays an essential roll in a cable’s overall performance at normal and elevated
temperatures. The function of insulation is to electrically separate each conductor from the other
conductors and from the ground plane. In some cases, cable jackets and cable insulation are
constructed of the same materials. The number ofinsulated conductors within a cable is commonly
identified as follows:

. single-conductor cable (1/C)
. multi-conductor cable [e.g., 2 conductors (2/C), 7 conductors (7/C)]
. triplex-conductor (triple-conductor) cable (3/C)

Cables are also identified by their rated power voltage as shown in Table A-1 (Salley, 2000).

Table A-1. Designation of Electrical Rated Voltages

Designation Voltage
Low Up to 600 V
Medium 601 to 15,000 V
High* 15,001 V and greater
* High voltage cables are typically not found inside the NPP.
They may be used as a cable bus in trenches, or in the switchyards.

A.3 Description of Cables

NPPs use three functional types of cables for power, control, and instrumentation. Virtually every
system in an NPP depends on the continued operation of one or more electrical cables. Power
cables may be single-conductor, multi-conductor, or triplex. Controland instrumentation cables are
generally of a multi-conductor design.

As the name implies, a single-conductor cable is a single insulated metal conductor that typically
has an integral over-jacket. A triplex cable is a grouping of three signal-conductors that are
manufactured together and are often twisted around a centrally located uninsulated core wire,
which may be connected to the circuit ground. Basic electrical construction and configurations are
illustrated in Figure A-1.
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Multi-conductor cables are more varied and may come with virtually any number of conductors
limited only by practical considerations such as overall physical diameter and handling ability. The
most common configurations encountered in a NPPs are 2/C, 3/C, 7/C, and 12-conductor
configurations. The 3/C, 7/C, and 12-conductor configurations are popular with manufacturers
because they result in an overall cable product that maintains an essentially round outer profile.
Another common configuration, particularly for instrument cables, involves some number of
twisted/shielded pairs within a protective jacket. In this case, the shield refers to a conductive wrap,
such as a metal foil, wrapped around, conductor pairs. This is common in sensitive instrument
circuits where stray electromagnetic or radio-frequency interference (EMI/RFI) may be a concern.
These cables are also commonly used in communication systems.

The size of a cable is generally expressed as the number of conductors and the AWG of the
individual conductors. Hence,a 3/C 12 AWG cable is a 3-conductor 12-gauge cable. Power cables
typically range from relatively small 12 AWG cables (equivalent to cables used in residential
applications for household power circuits) through very large cables in which the conductor
diameter can approach oreven exceed 2.54 cm (1 inch) (note that a higher gauge numberindicates
a smaller conductor.) For power cables, the size selection is generally based on the ampacity
(current-carrying capacity) required in a specific application.

Control cables are generally of a smaller gauge, commonly range from 16 AWG through 10 AWG
with exceptions on the upper end of the size range. Instrumentation cables are generally of
16 AWG or smaller.

Voltage levels will also vary with the application. Instrument circuits generally use low voltages
(50 volts or less). Control circuits are commonly in the 120-250-volt range. Power circuits
encountered within an NPP generally range from 120 to 4,160 volts, with offsite power circuits
ranging to 15 kV or higher.

Cables are generally routed through the plantin horizontally raceways (generally trays or conduits)
with vertical runs as required between different elevations in the plant. The cables are generally
segregated by type (power, control, and instrumentation) but cables of various voltages and
functions can be found togetherin some plants (generally older plants). High-voltage power cables
are typically routed by themselves and may use maintained spacing to address ampacity concerns.
Under maintained spacing, cables are not stacked and each cable is individually strapped to the
electrical raceway. Gaps between cables ensure that they do not come into physical contact with
each other. For most cables, random placement within the tray is common (that is, the cables are
simply laid into the tray in a more or less random manner).
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Fire exposure of an electrical cable can cause a loss of insulation resistance, loss of insulation
physical integrity (i.e., melting of the insulation), and electrical breakdown or short-circuiting. Fire-
induced damage to a cable can result in one of the following electrical conductor failure modes
(LaChance et al., 2000):

. An open circuit results in a loss of electrical continuity of an individual conductor
(i.e., the conductor is broken and the signal or power does not reach its destination).

. A shortto ground is experienced when an individual conductor comes into electrical contact
with a grounded conducting medium (such as a cable tray, conduit, or a grounded
conductor) resulting in a low-resistance path that diverts current from a circuit. The fault
may be accompanied by a surge of excess current to ground (particularly in higher voltage
circuits) that is often damaging to the conductor.

. A hot short is characterized by electrical faults that involve an energized conductor
contacting another conductor of either the same cable (a conductor-to-conductor hot short)
or an adjacent cable (a cable-to-cable hot short). A hot short has the potential to energize
the affected conductor or to complete an undesirable circuit path.

It is important to note that a cable may have any number of conductors as discussed above and
it is possible for more than one conductor failure mode to be active at a given time. For example,
one set of three conductors may be shorted together (conductor-to-conductor hot short), while a
fourth conductor shorts to ground.

Both shorts to ground and hot shorts may be manifested in the form of a low-impedance fault (often
referred to as a bolted or dead-short) or as a high-impedance fault between the conductors. These
two modes of shorting are distinguished on the basis of the following considerations:

. A high-impedance fault may allow power to pass from one conductor to another (or to
ground) even between circuits with dissimilar voltages, while a low-impedance short
between circuits of dissimilar voltage or between a circuit and ground often trips circuit
protection features (fuses or breakers) in one or both circuits.

. A single low-impedance short in a power circuit typically trips the lowest level of upstream
circuit protection, while multiple high-impedance faults may trip a higher-level circuit
protection feature (if circuit protection coordination is not provided), leading to loss of a
higher-level electrical bus.

. A high-impedance fault in an instrumentation circuit may lead to a biased indication that
might not be detected by operators, while low-impedance shorts typically resultin a more
easily detectable situation (e.g., complete loss of indication or an indication at the extreme
high or low scale).
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A.4 Cable Materials

For fire risk analysis, cable insulation and jacket materials can be separated into two broad
categories, as discussed in the following subsections.

A.4.1 Thermoplastic Materials

Thermoplastic materials are defined as high molecular weight polymers that are not cross-linked
and are generally characterized by the distinct melting point of the insulation material.
Thermoplastic materials can be repeatedly softened by heating and hardened by cooling within a
temperature band that is a physical property of the material. This property is a function of the loose
molecular bonding of the material. Some thermoplastic materials have a low melting point, which
can be a disadvantage in that melting insulation can lead to conductor failures (e.g., conductor-to-
conductor shorts and conductor-to-ground shorts) at relatively low temperatures. Some
thermoplastic insulations are also problematic in that they produce dripping, flaming fires after
ignition. Cables using thermoplastic insulation are not usually qualified to survive the full
environment qualification exposure condition of IEEE Std. 383. Many thermoplastic cables will
however, pass the limited flame spread test included in the IEEE Std. 383.

Thermoplastic insulation is generally easy to manufacture and economical to use. Common
thermoplastic insulations include cellular; low and high polyethylene (PE); polyvinyl chloride (PVC);
polyurethane; polypropylene (PPE); nylon; chlorinated polyethylene (CPE); tetrafluoroethylene
(TFE), Teflon, and fluorinated polymers such as DuPont’'s TFE copolymers with ethylene (known
as Tefzel®), DuPont’s PFA (perfluoroalkoxy branched polymers), Allied Chemical’s Halar (ethylene
copolymer with chlorotrifluoroethylene), and Dynamit Nobel's Dyflor (polyvinylidene fluoride).
Figure A-2 shows typical thermoplastic (PVC) insulated cable construction. In general, cables that
do not pass IEEE 383 rating (i.e., non-IEEE qualified) are thermoplastic.
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Figure A-2 Thermoplastic Insulated Cable Construction
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A.4.2 Thermoset Materials

The molecular consist of chains that are tied together with covalent bonds in a network
(crosslinked). Thermoset insulations are generally characterized as softening, but not melting,
during higher-than-normal temperature exposures. While they soften, they tend to maintain the
mechanical properties of the insulator. As a result, thermoset insulations generally exhibit better
low-and-high temperature properties, thermal aging resistance, and overload resistance than
thermoplastic insulations. Thermoset materials are vulcanized by heat (or other methods) during
their fabrication process. As such, the materials are substantially infusible and insoluble. The
molecular structure is tightly interlocked (in contrast to thermoplastic insulations). Common
thermosetting insulations include ethylene propylene rubber (EPR); crosslinked polyethylene
(XLPE); DuPont’'s Hypalon (chlorosulphonated polyethylene); nitrile or rubber butadiene nitrite
(NBR); styrene butadiene rubber (SBR); polybutadiene; neoprene; and silicone rubber. Cables
using thermoset insulation are usually qualified to IEEE Std. 383. In general, cables that do pass
IEEE 383 rating (i.e., IEEE 383 qualified) are thermoset cables.

In summary, thermoplastic materials are high molecular weight polymers that are not cross-linked,
while the polymer chain of thermoset materials are crosslinked in covalentbonded networks. When
thermoset resins are heated during manufacture, from ambient to upward of 232 °C (450 °F), they
undergo an irreversible chemical reaction, referred to as “curing” or “polymerization,” to make the
final cross-linked thermoplastic product. While thermoplastic materials can be reshaped by heating
and cooling within the proper temperature ranges for the materials, thermoset materials cannot be
reshaped once they have been crosslinked. Figure A-3 shows typical thermoset (XLPE) insulated
cable construction.
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A.5 Cable Failure Threshold and Time to Damage
A.5.1 Theory

In a very basic, first order analysis, one can assume thermal damage occurs the instant the target
reaches its minimum failure temperature. For example, if the target is an electrical cable and it is
known that the cable fails at 425 °F (218 °C), the analyst can assume failure as soon as the cable
is exposed to a 425 °F (218 °C) hot gas layer. However, there are more realistic methods of
analysis.

We know from thermal detector and sprinkler response (see Chapter 12), that all materials have
a mass that must be heated before they can reach a target temperature. This thermal inertia is
quantified as the response time index (RTI) for detection and suppression devices and the same
principle applies to electrical cables, however with a number of complications. For example, is the
cable in free air (e.g., air drop) conduit or in a cable tray? Where is the cable located in the cable
tray; top, bottom, against a side rail, or in the center of the cable mass? Does the cable have any
fire retardant coating? If so, which brand? These are just a sampling of the possible variables that
complicate the thermal impact on a cable. At this writing, many of these factors are unknown;
however, we can use what information is currently available to provide a much more accurate
method of determining cable failure threshold and time to damage. The following information was
developed by the authors in conjunction with Mr. Steve Nowlen of Sandia National Laboratories for
use in fire protection risk analysis by the NRC.

A.5.2 Temperature Thresholds — Thermoset Cables

Thermosetrepresents a very broad class of cables. Ofthe thermoset cables, crosslinked polyolefin
(XLPO) insulated cables are generally the weakest in this cable family in terms of susceptibility to
thermal damage (see discussion of Kerite FR below). Of the general class XLPO, the specific
material crosslinked polyethylene (XLPE)is the mostwidely used. XLPE-insulated cables are used
extensively in the U.S. nuclear power industry. For example, based on surveys of nuclear industry
practices conducted in support of the NRC’s Equipment Qualification research programs, one of
the most popular cable products is the widely used Rockbestos Firewall Il line of nuclear qualified
cable products. In general, the XLPO and XLPE cables can be taken as representative of the
weaker thermoset materials. Fairly extensive evidence for thermal damage to thermoset cables
in general, and the XLPO and XLPE materials in particular, exists based on a number of public
sources.

Perhaps the earliest source of direct evidence on thermal failure thresholds for thermoset cables
is provided in NUREG/CR-5384 which reports thermal damage test results from the early 1980's
for an XLPE-insulated cable. The tested cable was specifically IEEE-383 qualified, including the
flammability testing protocol. The samples were taken from excess stocks of cables purchased to
support NRC-sponsored testing in the late 1970s. Hence, these cables are a very early vintage
IEEE-383-qualified cable given that the flame spread test was first introduced in IEEE-383 in the
1975 revision. During high temperature exposure tests, electrical failures were observed at
temperatures as low as 518 °F (270 °C). At this temperature damage times were relatively long
ranging from 30 to 82 minutes, and averaging 56 minutes. At an exposure temperature of 662 °F
(350 °C) the damage times ranged from 7 to 28 minutes, averaging 13 minutes.
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Directevidence is also provided in NUREG/CR-5546 (1991) which reports thermal damage results
fora XLPE-insulated Rockbestos Firewall lll cable, an extremely common cable in the U.S. nuclear
industry. At a temperature of 617 °F (325 °C) no failures were observed for two samples during
exposures lasting approximately 80 minutes. At 626 °F (330 °C) failures were observed in all four
samples tested. The failure times ranged from 33 to 79 minutes, and averaged 55 minutes. Ata
temperature of 635 °F (335 °C), damage times ranged from 16 to 30 minutes and averaged about
20 minutes.

A third source of direct evidence is gained from superheated steam exposure tests conducted
under severe accident simulation tests in the equipment qualification (EQ) domain (e.g.,
NUREG/CR-5655, 1991). The dry superheated steam environments look much like the dry hot
environment of a fire, and a previous study has concluded that these results might be applied as
indicators of fire damage thresholds as well (SAND92-1404C). A directcorrelation has been made
between the damage criteria applied in fire testing to those applied in the EQ tests. All products
tested were explicitly qualified for use in U.S. nuclear industry applications. Interpretation of the
EQ test results requires selection of a failure criterion. NUREG/CR-5655 reports results for four
separate failure criteria, each representing a progressively more severe level of degradation. Using
the worst case failure threshold (i.e., that indicative of the highest level of degradation), the failure
threshold for an XLPE cable was estimated at about 610 °F (320 °C). For the more general class
of XLPO materials, failures at the same threshold were noted at temperatures as low as 572 °F
(300 °C).

A fourth source for direct evidence on the electrical performance of XLPE-insulated cables is a
series of tests performed in 1984 by TVA'. The TVA tests involved six different cable types each
insulated with XLPE. The maximum temperature reached by the cables during the test was 570 °F
(299 °C) atthe end of a 1-hour exposure protocol. None of the XLPE cables experienced electrical
failure at these temperatures.

A fifth source of direct evidence regarding failure for thermoset cables is the recently completed
NEI/EPRI Cable Failure Modes and Effects Tests. As a part of an expert panel activity (EPRI
TR1006961) some panel members examined the cable failure data in the context of temperature,
and estimated the minimum failure threshold for the thermoset cables tested. Each panelist was
left to their own approach to analysis and interpretation of the test data, and each reached
somewhat different conclusions. Furthermore, the cable types (insulation material in particular) are
not identified beyond thermoset versus thermoplastic. Nonetheless, the results do provide some
insights into cable failure thresholds for at least some cable types as follows:

. Mowrer noted thermoset cable failures at a minimum temperature of 680 °F (360 °C).
(See pg. B-21 of the EPRI TR1006961.)

. Funk concluded that, forthermosetcables, 550 °F (288 °C)was a “reasonably conservative”
estimate of the “threshold of thermal insult below which cable failure (either partial or
complete) does not occur, or is extremely unlikely.” (See pg. B-3, ibid.)

. Salley noted at least one thermoset cable that failed at a temperature of 591 °F (311 °C)
and others in the range of 660-680 °F (349-360 °C). (See pg. B-64, ibid.)

As reported by M.H. Salley in “An Examination of the Methods and Data Used to Determine
Functionality of Electrical Cables when Exposed to Elevated Temperatures as a Result of a Fire
in a Nuclear Power Plant,” University of Maryland, MS Thesis, 2000.
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The Fire Performance of Electrical Cables (FIPEC) study provides indirect evidence based on the
piloted ignition thresholds. The reported ignition temperatures for a range of XLPE cable products
ranged from 429-885 °F (220-474 °C). The average ignition temperature reported was 630 °F
(332 °C). The results again illustrate a wide variability in performance. However, ignition behavior
is dominated by the outer jacket material, rather than the cable insulation material. The FIPEC
cable samples involved a range of jacket materials, and many of these were PVC-based
thermoplastic materials. Hence, the lower threshold values cited might be more an indication of the
performance of the thermoplastic jackets than of the thermoset insulation. Note that in the U.S.
nuclear industry it is not common practice to utilize thermoplastic or PVC jackets on a thermoset-
insulated cable. Rather, thermoset cables will typically have neoprene, rubber-based, or chloro-
sulfanated polyethylene (hypalon) jackets. These materials are all thermoset.

Itis worth noting that in the IPEEEs, a commonly applied screening failure threshold for IEEE-383
qualified cables applied by licensees was 700 °F (370 °C). Note that IEEE-383 involves both LOCA
electrical performance testing and a flame spread test. Virtually all cables fully qualified to both
aspects of the IEEE-383 test standard are thermoset materials.” The 700 °F (370 °C) value is
recommended in the EPRI FIVE method (EPRI TR-100370), and appears again in the EPRI Fire
PRA Implementation Guide (EPRI TR-105928). The original source cited for this value is the EPRI
cable damage tests reported in a series of Factory Mutual Research Corporation (FMRC) studies
from the early 1980s (see in particular, EPRINP-1767, March 1981). The method used to estimate
the cable “critical” threshold values cited in the original FMRC work, and repeated in FIVE, has
since been discredited, and has been disavowed by FMRC (see letter from A. Tewarson of FMRC
to R. Kasawara of EPRI, dated May 10, 1995). There appears little basis for the continued reliance
on 700 °F (370 °C) as a screening threshold for thermoset/qualified cables given the direct
evidence of failures at substantially lower temperatures for a broad and common class of
thermoset/qualified cable products.

Suggested Method for Evaluating Generic Thermoset Cables: A failure threshold of 625 °F
(330 °C) is recommended for the generic class of thermoset cables.

Summary of Basis

. The recommended SDP practice does not bound all of the data on cable failure
thresholds for all thermoset cable types. In particular, it does not bound the
performance of some XLPO cable types (e.g., Polyset) and it does not bound one
specific test data point related to XLPE. It also does not bound the proprietary
material “Kerite FR” (see discussion below).

. Given their widespread use in the U.S. nuclear industry, failure thresholds for
thermoset materials are based on XLPE-insulated cables.

. 330 °C is representative of clearly demonstrated and documented test results
showing failures within an average time of well under one hour for a widely used
specific XLPE-insulated cable product, Rockbestos Firewall Ill.

Various thermoplastic materials will pass the flame spread portion of the IEEE-383 test, but not
electrical performance requirement of the LOCA portions of the testing protocol. Such cables
would not be considered “IEEE-383 qualified” in this context.
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. The lower threshold values implied by the earlier tests in NUREG/CR-5384 are not
recommended for this application given the relatively long failure times reported
(average time of nearly one hour) and the very early vintage of the cables tested.
The TVA results also provide evidence that the failure thresholds for most XLPE
cables should be expected to exceed 570 °F (299 °C).

. The lower threshold values associated with the specific XLPO cable product tested
in NUREG/CR-5655 is not recommended as a general criterion because this
particular material/product is not widely used as an insulation material in the U.S.
nuclear industry.

. It is recommended that the consideration of higher threshold values based on
knowledge of a specific cable product being used in a specific case should be
deferred to the Phase 3 analysis should such an analysis be pursued.

Special Exception: There is a particular proprietary cable insulation material called “Kerite FR.”
While this material is a thermoset, experimental evidence suggests it is substantially more
vulnerable to thermal damage than are other thermoset materials. In particular, NUREG/CR-5655
reports substantial degradation of the cable’s insulation value at temperatures as low as 307 °F
(153 °C). Testing by SCE&G cites average temperatures at failure of 458 °F (237 °C) (as reported
by Salley). Hence, it is recommended that the material Kerite FR should be analyzed using the
failure criteria for a thermoplastic cable, not the values reported for a thermoset material.

A.5.3 Temperature Thresholds — Thermoplastic Cables

The typical thermoplastic cable is polyethylene-insulated (PE) often with a polyvinyl-chloride (PVC)
jacket. This configuration is also considered representative of the weaker members of the
thermoplastic group. The evidence for thermal failure threshold for PE-insulated cables can be
taken from a number of sources.

Direct evidence of thermally induced electrical failure is provided in NUREG/CR-5384 (see
Figure 6.3 in that reference). The failures for this cable were observed at temperatures as low as
482 °F (250 °C). At this exposure temperature, failure times ranged from 1.5 to 23.5 minutes and
averaged about 9 minutes. At exposures of 356 °F (180 °C) no failures were observed in six test
samples during two separate tests with exposures lasting approximately two hours. Given the
relatively short failure times observed in some of the 482 °F (250 °C) exposure tests, the actual
failure threshold likely lies somewhat below the cited 482 °F (250 °C) value, but certainly above
356 °F (180 °C).

Direct evidence of functional failure is also provided by testing conducted by Tennessee Valley
Authority (TVA). Two samples of a PE/PVC (dual layer) insulated cables tested. The failure
temperature in the first test was estimated as 346 °F (175 °C), and in the second test as 440 °F
(227 °C). During the TVA tests, weights were placed on top of the sample cables to simulate the
weight of a load of cables in a raceway. The first test utilized a load approximately 4 times larger
than the second test. During the second test, the cables were examined immediately following the
initial failure, and showed signs of substantial melting. A second series of tests in 1996
demonstrated satisfactory electrical performance for the same cable type exposed to temperatures
peaking at 282 °F (139 °C) at the end of a one-hour exposure protocol.
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A third source of direct evidences is testing by VTT Finland (ibid). Failures of a PVC-insulated
cable were reported attemperatures as low as 385 °F (196 °C). These results might be discounted
to some extent by the fact that these are tests of a European cable formulation, and likely a Russian
formulation (given its use in the Finish nuclear industry). Hence, its formulation in comparison to
typical U.S. material would be unknown. Itis also uncommon to encounter a PVC-insulated cable
in the U.S. nuclear industry. This result is taken as a general indication of marginal performance
for these materials at temperatures exceeding 390 °F (200 °C).

A fourth source of direct evidence is the above cited EPRI expert panel report (TR1006961).
The following damage insights are noted:

. Mowrer noted thermoplastic cable failures at a minimum temperature of 400 °F (205 °C).
(See pg. B-21 of the EPRI TR1006961.)

. Funk concluded that, for thermoplastic cables, 400 °F (205 °C) was a “reasonably
conservative” estimate of the “threshold of thermal insult below which cable failure (either
partial or complete) does not occur, or is extremely unlikely.” (See pg. B-3, ibid.)

. Salley noted at least one thermoset cable that failed at a temperature of 390 °F (200 °C)
and recommended a threshold value of 400 °F (205 °C) for “garden variety thermoplastic
cables.” (See pg. B-64, ibid.)

Indirect evidence is provided based on the FIPEC piloted ignition thresholds. The minimum
temperature reported for piloted ignition of a PE/PVC cable was 388 °F (197 °C) for one sample.
All other samples showed ignition temperatures of 476 °F (246 °C) or greater. The average
temperature for piloted ignition for the six cable types tested was 487 °F (253 °C).

It is worth noting that the EPRI FIVE method (EPRI TR-100370) recommended use of a failure
threshold for non-qualified cables®, generally corresponding to thermoplastic cables, of 425 °F
(218 °C)*. This value was widely used by licensees in their IPEEE analyses. The basis for the
value is not explicitly cited in the FIVE documentation. The value appears in Reference Table 1E
(pg. 10.4-47).

In this context, “qualified” refers a cable shown to pass all aspects of the IEEE-383 performance
standard. An “un-qualified” or “non-qualified” cable is a cable that does not meet one or more
aspects of the IEEE-383 standard. Note that a cable that has been shown to pass the IEEE-383
flame spread test but has not been shown to pass the LOCA electrical performance tests in IEEE-
383 is considered “un-qualified” in this context.

4 See FIVE Reference Table 1E (pg. 10.4-67).
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Recommended SDP practice: Continue the use of the commonly applied IPEEE failure threshold
of 205 °C (400 °F) for non-qualified or thermoplastic cables.

Summary of Basis:
The recommended value is based on the available experimental evidence for PE and PVC-
insulated cables.

. A value of 482 °F (250 °C) is known to yield damage times of on the order of 2-20
minutes.
. The TVA results for the heavily weighted cables in their first test can be discounted

to some extent as being a grossly conservative loading configuration. However, the
observation of cable failure at 346 °F (175 °C) does provide evidence of marginal
performance at these temperatures.

. The loading configuration in the second TVA test cannot be discounted and yielded
failures at 440 °F (227 °C) in an exposure of well under 1-hour duration.

. The recommended value is largely consistent with the piloted ignition results for the
FIPEC study excluding only one test sample with a disproportionately lower ignition
threshold.

A.5.4 Radiant Heating Failure Criteria — Cables

The available data for the electrical failure of cables under radiant heating conditions remains
relatively sparse. While substantive data is available for higher heat flux conditions, the threshold
conditions in particular have only been explored directly in a handful of cases.

The primary source of direct evidence is EPRI-sponsored tests conducted at Factory Mutual
Research Corp. during the late 1970s and early 1980s (see for example, EPRI NP-1200). These
tests involved a fairly wide range of NPP cable products. Unfortunately, the threshold exposure
levels were only explored in a limited number of cases, and were extrapolated for most tests. The
extrapolation method used in the data analysis has since been discredited.

There was also a limited set of early NRC-sponsored radiant exposure tests at Sandia National
Laboratories in the late 1970s (see NUREG/CR-5384). These tests were conducted in a manner
similar to the EPRI tests, but at a more representative scale using a loaded cable tray.

Some additional insights were gained from the FIPEC study. The FIPEC study involved primarily
thermoplastic cables and focused on ignition properties with no direct monitoring of electrical failure.
However, the ignition of a cable is taken as indirect evidence that electrical failure is imminent.
Hence, these data are taken as indicators of threshold, but not timing (see discussion of failure
timing).

Finally, current PRA practice as documented in the EPRI F/IVE methodology and in the more recent
EPRI Fire PRA Implementation Guide, was considered.

Based on the available information, threshold heat flux damage limits of 0.5 BTU/ft’s (6 kW/m?)

have been recommended for thermoplastic cables. Forthermoset cable the recommended damage
threshold is 1.0 BTU/ft’s (11 kW/m?).
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A.5.5 Basis for Cable Damage Timing Estimates

The data sources available to support the assessment of cable damage times are essentially
identical to those described in the discussion of cable damage thresholds. The specific objective
here is to estimate the damage time for a given exposure condition at or above the damage
threshold. The following describes how the recommended damage time estimates were developed.

A.5.6 Temperature Exposures — Thermoset Cables

Damage timing for thermoset cables is based primarily on the data reported in NUREG/CR-5546
for XLPE-insulated cables (the Rockbestos Firewall lll product). As previously discussed, the use
of XLPE as representative of the thermoset class does not bound all of the thermoset products (see
discussion of Polyset) but does bound the vast majority of thermoset products. XLPE is also the
most popular single product used in the U.S. nuclear industry.

A review of the NUREG/CR data also showed that they were broadly consistent with more recent
tests, including in particular the recent EPRI/NEI circuit failure tests (EPRI TR-1003326). The
EPRI/NEI tests often involved temperatures very near the expected threshold of cable damage.
Hence, the damage times were relatively prolonged, often in excess of 1 hour. This is consistent
with the NUREG/CR data in that the damage times at the threshold temperature were also in
excess of 1 hour. Hence, use of the specific information in the NUREG/CR appears appropriate.

These data are plotted in two figures. Figure A-4 shows the direct time to failure versus exposure
temperature as directly recorded in the tests. In order to extrapolate between the recorded data
points, the data are re-plotted as shown in Figure A-5.
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Figure A-4 Raw Time to Damage Chart for Thermoset XLPE
Cables
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Figure A-5 Time to Damage Plot for Thermoset Cables
with Linear Regression Curve

In this second plot the exposure temperature is plotted against the inverse of the time to failure.
This inversion provides a near-linear relationship between the exposure temperature and the
inverse of time to damage. This relationship is characterized by the following linear regression curve:

1/(time to damage : seconds) = 3.343E-05 x(Temp: °C) - 1.044E-02

Using this relationship, a table of time to damage values was generated as previously presented.
Note that the results of the linear regression were adjusted modestly for values that fell outside the
data range where extrapolation is necessary. Also note that for the purposes of SDP analysis, the
maximum damage times (at the threshold) were limited to 30 minutes. Table A-2 provides a time
vs. temperature relationship for thermoset cables.

Table A-2. Failure Time-Temperature Relationship for Thermoset Cables

Exposure Temperature Time to Failure (minutes)
°C °F
330 625 28
350 660 13
370 700 9
390 735 7
410 770 5
430 805 4
450 840 3
470 880 2
490 (or greater) 915 (or greater) 1




A.5.7 Temperature Exposures — Thermoplastic Cables

Damage timing for thermoplastic cables is, again, based primarily on the data reported in
NUREG/CR-5384 for PE-insulated cables. These data were analyzed in a manner similar to that
used in the analysis of the Thermoset cable response as discussed above. However, in the case
of the thermoplastic cables, there was considerable scatter in the data. In particular, very short
damage times are reported for some cases at the lowest exposure temperatures. The reasons for
this scatter are not clear.

The data used in the analysis are again shown in two figures essentially identical to those
discussed in the thermoset section above. Figure A-6 shows the direct time to failure versus
exposure temperature as directly recorded in the tests for those cases used in the analysis.
Figure A-7 shows the inverse of the time to failure - temperature relationship.
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with Linear Regression Curve

Using a similar analysis approach, the following linear regression curve was obtained:

1/(time to damage : seconds) = 3.488E-05 x(Temp: °C) - 7.467E-03
Using this relationship, a table of time to damage values was generated. Again, results of the linear
regression were adjusted for values that fell outside the data range where extrapolation is

necessary. Table A-3 provides a time vs. temperature relationship for thermoplastic cables.

Table A-3. Failure Time-Temperature Relationship for Thermoplastic Cables

Exposure Temperature Time to Failure (minutes)

°C °F

205 400 30
220 425 25
230 450 20
245 475 15
260 500 10
275 525 8
290 550 7
300 575 6
315 600 5
330 625 4
345 650 3
355 675 2

370 (or greater) 700 (or greater) 1




A.5.8 Radiant Exposures — Thermoset and Thermoplastic Cables

As previously noted, the available data for radiant exposure of cables is less complete than that for
convective exposures. Most radiant heat tests have been conducted at relatively high heat flux
levels, often representative of flashover conditions. This leads to relatively short damage times.
The available tests generally reported damage times ranging from as short as a few seconds up
to no more than 5-10 minutes. Fire risk analysis is also interested in marginal exposure conditions
where damage times are expected to be upwards of 30 minutes or more. Given the data
limitations, expert judgement has been applied to fill in our gaps in the understanding of radiant
heating exposure conditions and the timing of cable damage.

Tables A-4 and A-5 provided below, document the recommended cable damage time/heat flux
relationship for thermoset and thermoplastic cables.

Table A-4. Estimated Time to Damage for Radiant Heating
Exposures for Thermoset Cables
Exposure Heat Flux Time to Damage
BTU/ft’s kW/m? (minutes)
<1.0 <11 No Damage
1.0 11 19
1.2 14 12
1.4 16 6
1.6 18 1
1.75 or greater 20 or greater 1

Table A-5. Estimated Time to Damage for Radiant Heating
Exposures for Thermoplastic Cables
Exposure Heat Flux Time to Damage
BTU/ft’s kW/m? (minutes)
<0.5 <6 No Damage
.5 6 19
7 8 10
0.9 10 6
1.0 11 4
1.25 14 2
1.4 or greater 16 or greater 1
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APPENDIX B. FUNDAMENTALS OF FIRE PROTECTION

This appendix reviews some selected fundamentals and most relevant characteristics of fire
chemistry and physics (temperature, combustion products, smoke, toxicity, and fire extinguishing
agents, etc.). Those inspectors who have never been exposed to fire protection will benefit from
studying these fundamentals.

B.1 T-Squared (t°) Fire Power Law Heat Release Rate
B.1.1 Introduction
The primary mechanism driving the growth of a fire is the flame spreading across a fuel item or

between multiple fuel items. This growing fire will continue until one or more of the following
conditions exist(s):

. Flashover occurs and all combustible materials are involved simultaneously.
. The fire cannot spread further due to lack of combustible materials.

. The fire uses all available oxygen for combustion.

. The fire is extinguished by intervention.

B.1.2 t°>Heat Release Rate

Fire development varies depending on the combustion characteristics of the fuel(s) involved, the
physical configuration of the fuel(s), the availability of combustion air, and the influences associated
with the compartment. Once a stable flame is attained, most fires grow in an accelerating pattern,
reach a steady state characterized by a maximum heat release rate (HRR), and then enter into a
decay period as the availability of either fuel or combustion air becomes limited. Fire growth and
development are limited by factors such as the quantity and arrangement of fuel, quantity of
oxygen, and effect of manual and automatic suppression systems.

The primary parameter for describing fire growth is the HRR of the fire and how it changes with
time. The fire growth rate depends on the ignition process; flame spread, which defines its
perimeter; and the mass burning flux over the area involved. Once a combustible surface has
ignited, the fire size increases as the flame spreads across the surface or as additional items in the
room become involved. An important aspect is that the time required for the fire to grow is driven
by the ignition source and the combustible or flammable materials present.

For most materials, a local ignition eventually involves the entire fuel item by flame-spreading
processes. A typical sofa, for example, involves some combustion of horizontal, upward vertical,
and downward vertical flame spread. For furniture and commodities, this complex fire growth
process cannot be predicted by a simple formula. However, each item can have a characteristic
growth time consistent with its composition and configuration. For example, a given item is ignited,
it may achieve a heat release of 1 MW (1,000 kW) in 130 seconds, while another object might take
80 seconds. A complete mathematical description of this process is quite involved and relatively
unpredictable given the range of ignition scenarios and the complexity of describing the burning
item(s).

B-1



Nonetheless, testing has shown, that the overall HRR during the fire growth phase of many fires
can often be characterized by simple-time dependent polynomial or exponential functions
(Heskestad, 1997). The total heatrelease of fuel packages can be well approximated by the power
law fire growth model for both single item burning and multiple items involved in a fire. Testing has
also indicated that most growing fires can be expected to grow indefinitely until intervention by fire
fighters, and the fires have an early incubation period where fire does not conform to a power law
approximation, as shown in Figure B.1-1. Thatfigure illustrates that following an incubation period,
the HRR of the fire grows continuously, proportional to the square of time.
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Heat Release Rate
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I
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Figure B.1-1 Fire Growth of t* Fitted to Data
(Heskestad, 1997, © NFPA. With permission.)
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The proposed model of the environment generated by fire in an enclosure is dependent on the
assumption that the fire grows according to the following equation:

Q= ot (B-1)

Where:
) = the heat release rate (HRR) of fire (kW)

a = a constant governing the speed of fire growth (kW/sec?)
t = the time (sec)

The proposed model of the environment generated by fire in an enclosure is dependent on the
assumption that the fire grows according to the following equation:

Q= ot (B-2)
Where:

) = the rate of heat release of fire (kW)

a = a constant governing the speed of fire growth (kW/sec?)
t = the time (sec)

The growth rate approximately follows a relationship proportional to time squared for flaming and
radially spreading fires, which are consequently called t-squared (t*) fires. Such fires are classed
by the speed of growth, identified as ultra-fast, fast, medium, and slow. Where these classes are
used, they are defined on the basis of the time required for the fire to grow to a heat release rate
(HRR) of 1,000 kW (1 MW). Table B.1-1 summarizes the fire intensity constant (o) and the growth
time (t,) for each of these classes.

Table B.1-1. Summary of t* Fire Parameters

Class of Fire Growth Intensity Constant Growth Time
o (kW/sec?) t, (sec)

Slow 0.00293 600

Medium 0.01172 300

Fast 0.0469 150

Ultra-Fast 0.1876 75
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Figure B.1-2 plots the t* fire growth rate curves that have been developed. The t? relationship has
proven useful and has therefore been adopted into NFPA 72, “National Fire Alarm Code®,” to

categorize fires for siting of detectors as well as NFPA 92B “Guide for Smoke Management
Systems in Mall, Atria, and Large Areas,” for design of smoke control systems.
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Figure B.1-2 Growth Rate Curves for t* Fire (NFPA, 72 and NFPA, 92B)

A t* fire can be viewed as one in which the HRR per unit area is constant over the entire ignited
surface and the fire spreads as a circle with a steadily increasing radius. In such cases, the burning
area increases in proportion to the square of the steadily increasing fire radius. Of course, fires that
do not have such a conveniently regular fuel array and consistent burning rate might or might not

actually produce a t? curve, but the t? approximation appears to be close enough for reasonable
design decisions.
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Figure B.1-3 provides the HRR results of various full-scale free burn tests performed at Factory
Mutual Research Corporation (FMRC) (also reported by Nelson, 1987), superimposed on the t*
HRR curves, using various standard test commodities for fuel arrays. Figure B.1-4 relates the
classes of t* fire growth curves to a selection of actual fuel arrays. Figure B.1-5 plots the HRR
curves for various upholstered furniture items. Figures B.1-3 to B.1-5 show that the actual fire
growth curves for many common fuel arrays tend to be greater than the medium fire growth curve.
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Figure B.1-3 Comparison of t* Heat Release Rate with Full-Scale Free-Burn
Heat Release Rate (Nelson, 1987)
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Figure B.1-4 Relation of t* Heat Release Rate to Some Fire Tests (Nelson, 1987)
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Figure B.1-5 Comparison of t* Heat Release Rates
with Full-Scale Furniture Heat Release Rate

Table B.1-2 tabulates the maximum HRR for various warehouse materials. As shown, the majority
of these materials exhibit fire growth rates in the fast or ultra-fast ranges. The preponderance of
actual fire testing over the 1990's has shown that common fuel arrays exhibit fire growth rates that
tend to exceed the medium t* fire growth rate.

Table B.1-2. Maximum Heat Release Rates of Warehouse Materials
(NFPA 72, 1999 Edition, Appendix B)

Warehouse Material Growth Heat Release Fire Growth
(See Notes 1 and 2) Time Rate (Q ) Classification
(sec)

(Btu/sec-ft?)
(See Note 3)

Wood pallets, stacked, 1% ft high 150-310 110 Fast-Medium
(6%—12% moisture)

Wood pallets, stacked, 5 ft high 90-190 330 Fast
(6%—12% moisture)

Wood pallets, stacked, 10 ft high 80-110 600 Fast
(6%—12% moisture)

Wood pallets, stacked, 16 ft high 75-105 900 Fast
(6%—12% moisture)

Mail bags, filled and stored 5 ft high 190 35 Medium
Cartons, compartmented and stacked 15 ft high 60 200 Fast
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Table B.1-2. Maximum Heat Release Rates of Warehouse Materials
(NFPA 72, 1999 Edition, Appendix B)

Warehouse Material Growth Heat Release | Fire Growth
(See Notes 1 and 2) Time Rate (O) Classification
(sec) 2
(Btu/sec-ft%)
(See Note 3)
Paper, vertical rolls, stacked 20 ft high 15-28 - (See Note 4)
Cotton (also PE, PE/cot, acrylic/nylon/PE), garments 20-42 - (See Note 4)
in 12 ft high racks
Cartons on pallets, rack storage, 15 ft—30 ft high 40-280 - Fast-Medium
Paper products, densely packed in cartons, 470 - Slow
rack storage, 20 ft high
PE letter trays, filled and stacked 5 ft high on cart 190 750 Medium
PE trash barrels in cartons, stacked 15 ft high 55 250 Fast
FRP shower stalls in cartons, stacked 15 ft high 85 110 Fast
PE bottles, packed in item 6 85 550 Fast
PE bottles in cartons, stacked 15 ft high 75 170 Fast
PE pallets, stacked 3 ft high 130 - Fast
PE pallets, stacked 6 ft—8 ft high 30-55 - Fast
Methyl alcohol - 65 -
Gasoline - 200 -
Kerosene - 200 -
Diesel oil - 180 -
Notes:
(1) For Sl units, 1 ft = 0.305 m.
(2) FRP = fiberglass-reinforced polyester; PE = polyethylene; PS = polystyrene;
PP = polypropylene; PU = polyurethane; PVC = polyvinyl chloride.
3) The HRRs per unit floor area are for fully involved combustibles, assuming 100-percent combustion

efficiency. The growth times shown are those required to exceed 1,000 Btu/sec HRR for developing fires,

assuming 100-percent combustion efficiency.
(4) Fire growth rate exceeds design data.
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Madrzykowski (1996), compared HRR data for office work stations with standard t* HRR fire curves.
Figure B.1-6 shows the HRR time history of the fire growth of a three-sided office work station
compared to t? fire curves. Notice how the fire begins as a slow-medium growth rate fire, and then
the slope increases to be representative of a fast-ultra-fast fire. As shown in Figure B.1-6, one can
use the t? fire growth model to determine the HRR of similar fuel packages.
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Figure B.1-6 Three-Sided Work Station Heat Release Rate Curve
Compared with t* Curves (Madrzykowski, 1996)
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Figure B.1-7 shows the relationship between t fire curves and six 1.2-m (4-ft) high stacks of mixed
wooden pallets (8 to 9 pallets per stack) arranged in two rows of three stacks, with the three stacks
in each row forming an unbroken line with 100-mm between the front and back rows. Figure B.1-7
shows that both tests exhibited there was an incubation period following which the fire growth rate

was approximately parallel to the t* fast fire growth curve.
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Figure B.1-7 Heat Release Rate Curve for Idle Pallets Compared with t> Curves
(Garred and Smith, 1999, Interscience and Interflam. With permission.)
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Figure B.1-8 shows the relationship between t* fire curves and six 12-m (4-ft) high stacks of
cardboard boxes arranged in two rows of three stacks, with no gaps between the stacks. The boxes
were ignited by setting light to a ball of crumpled newspaper pushed 100 mm under the front of the
central stack in the front row of the array. Figure B.1-8 shows that both tests exhibited a long
incubation period, as the ball of newspaper proved to be slow burning. However, the fire did break
into the boxes immediately above the ignition source, and the flames eventually burst from the front
ofthose boxes and then rapidly up the front of the central (ignition) stack. Thereafter the fire growth
rate was similar to the ultra-fast t* fire curve.
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Figure B.1-8 Heat Release Rate for Stacked Box Fires Compared with t* Curves
(Garred and Smith, 1999, Interscience and Interflam. With permission.)

B.1.3 References

Garred, G.,and D.A. Smith, “The Characterization of Fires for Design,” Interflam 1999, Conference
Proceedings of the 8" International Interflam Conference, Interscience Communication Limited,
England, pp. 555-566, June-July 1999.

Gross, D., “Data Sources for Parameter Used in Predictive Modeling of Fire Growth and Smoke
Spread,” NBSIR 85-3223, U.S. Department of Commerce, National Bureau of Standards (NBS),
Gaithersburg, Maryland, 1985.

Heskestad, G. “Venting Practice,” Section 7, Chapter 7, NFPA Fire Protection Handbook, 18"
Edition, A.E. Cote, Editor-in-Chief, National Fire Protection Association, Quincy, Massachusetts,
pp. 7-105, 1997.

Madrzykowski, D., “Office Station Heat Release Study: Full Scale vs. Bench Scale,” Interflam 1996,
Conference Proceedings ofthe 7" International Interflam Conference, Interscience Communication
Limited, England, Compiled by C.A. Franks, pp. 47-55, 1996.

Nelson, H.E., “An Engineering Analysis of the Early Stages of Fire Development: The Fire at the
Dupont Plaza Hotel and Casino on December 31, 1986,” NBSIR 87-3560, U.S. Department of
Commerce, National Bureau of Standards (NBS), Gaithersburg, Maryland, May 1987.

NFPA 72, “National Fire Alarm Code,” 1999 Edition, National Fire Protection Association, Quincy,
Massachusetts.

NFPA 92B, “Guide for Smoke Management Systems in Malls, Atria, and Large Areas,” 2000
Edition, National Fire Protection Association, Quincy, Massachusetts.



B.2 Elements of Hydraulic and Electrical Systems

Table B.2-1 provides the basic elements of a hydraulic system along with the corresponding
elements of an electrical system.

Table B.2-1. Corresponding Elements of Hydraulic and Electrical Systems
(NFPA 921, 2002 Edition)

Elements of a Hydraulic System

Elements of an Electrical System

Pump Generator

Pressure Voltage (potential or electromotive force)
Pounds per square inch (psi) Volts (V)

Pressure gauge Voltmeter

Water Electrons

Flow Current

Gallons per minute (gpm)

Amperes (A)

Flowmeter Ammeter

Valve Switch

Friction Resistance (Ohms)
Friction loss Voltage drop

Pipe size (inside diameter)

Conductor size (AWG No.)

Hydraulic systems use a pump to create the hydraulic pressure necessary to force water through
pipes. The amount of hydraulic pressure is expressed in pounds per square inch (psi) and can be
measured with a pressure gauge. By contrast, electrical systems use a generator to create the
necessary electrical pressure (voltage) to force electrons through a conductor. The amount of
electrical pressure is expressed in volts and can be measured with a voltmeter.

In hydraulic systems, water flows in a useful way. The amount of water flow is expressed in gallons
per minute (gpm) and may be measured with a flowmeter. By contrast, electrical systems, it is
electrons that flow in a useful way in the form of electrical current. The amount of electrical current
is expressed in amperes (A) and may be measured with an ammeter. Electric current can be either
direct current (dc), such as supplied by a battery, or alternating current (ac), such as supplied by
an electrical utility company.

In hydraulic systems, water pipes provide the pathway for the water to flow. By contrast, electrical
systems, conductors such as wires provide the pathway for the current to flow.
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In a closed circulating hydraulic system (as opposed to a fire hose delivery system, where water
is discharged out of the end of the hose), water flows in a loop, returning to the pump, where it
again circulates through the loop. When the valve is closed, the flow stops everywhere in the
system. When the valve is opened, the flow resumes. By contrast, an electrical system must be
a closed system, in that the current must flow in a loop known as a complete circuit. When the
switch is turned on, the circuit is completed and the current flows. When the switch is turned off,
the circuit is open (incomplete) and the current flow stops everywhere in the circuit. This voltage
drop is called the potential or electromotive force.

Friction losses in the pipes of a hydraulic system result in pressure drops. By contrast, electrical
friction (i.e., resistance) in conductors and other parts of an electrical system results in electrical
pressure drops or voltage drops. Ohm’s law must be used to express resistance as a voltage drop.

When electricity flows through a conducting material, such as a conductor, a pipe, or any piece of
metal, heat is generated. The amount of heat depends on the resistance of the material through
which the currentis flowing and the amount of current. Some electrical equipment, such as heating
units, are designed with appropriate resistance to convert electricity to heat.

The flow of water in a pipe at a given pressure drop is controlled by the pipe size. A larger pipe
allows a greater volume (more gallons per minute) of water to flow than a smaller pipe at a given
pressure drop. Similarly, larger conductors allow more current to flow than smaller conductors.
Conductor sizes are given in American Wire Gauge (AWG) numbers. The larger the number, the
smaller the conductor diameter. The larger the diameter (and hence the larger the cross-sectional
area) of the conductor, the lower the AWG number and the less resistance the conductor has.

B.2.1 Reference

NFPA 921, “Guide for Fire and Explosion Investigations,” 2001 Edition, National Fire Protection
Association, Quincy, Massachusetts.



B.3 Classes of Fires

Generally the purpose of a letter designation given to a particular fire category is to classify it
according to the type of fuel and possible spread of the fire. The letter classification also provides
a general indication of the severity and type of the hazard. NFPA 10, “Standard for Portable Fire
Extinguishers,” classifies fires as either Class A, Class B, Class C, Class D, or Class K according
to the fuel involved.

Class A Fires

Fires in ordinary combustible materials, such as wood, cloth, paper, rubber, and many plastics.

Class B Fires

Fires in flammable or combustible liquids, petroleum greases, tars, oils, oil-based paints, solvents,
lacquers, alcohols, and flammable gases.

Class C Fires

Fires that involve energized electrical equipment where the electrical nonconductivity of the
extinguishing media is of importance. (When electrical equipment is de-energized, fire
extinguishers designed for Class A or Class B fires can be safely used).

Class D Fires

Fires in combustible metals, such as magnesium, titanium, zirconium, sodium, lithium, and
potassium.

Class K Fires

Fires in cooking appliances that involve combustible cooking media (vegetable or animal oils and
fats).

B.3.1 Reference

NFPA 10, “Standard for Portable Fire Extinguishers,” 2002 Edition, National Fire Protection
Association, Quincy, Massachusetts.



B.4 Classification of Hazards
B.4.1 Light (Low) Hazard

Light hazard occupancies are locations where the total amount of Class A combustible materials
(including furnishings, decorations, and content), is a minor quantity. This can include some
buildings or rooms occupied as offices, classrooms, churches, assembly halls, guest room areas
of hotels/motels, and so forth. This classification anticipates that the majority of content items are
either noncombustible or so arranged that a fire is not likely to spread rapidly. Small amounts of
Class B flammables used for duplicating machines, art departments, and so forth, are included,
provided that they are kept in closed containers and safely stored (Conroy, 1997 and NFPA 10).

B.4.2 Ordinary (Moderate) Hazard

Ordinary hazard occupancies are locations where of Class A combustibles and Class B flammables
are present in greater total amounts than expected under light (low) hazard occupancies. These
occupancies could consist of dining areas, mercantile shops, and allied storage; light
manufacturing, research operations, auto showrooms, parking garages, workshop or support
service areas of light (low) hazard occupancies; and warehouses containing Class I or Class II
commodities as defined by NFPA 231, “Standard for General Storage,” (Conroy, 1997 and NFPA 10).

B.4.3 Extra (High) Hazard

Extra hazard occupancies are locations where the total amount of Class A combustibles and Class
B flammable (in storage, production, use, finished product, or combination thereof) is over and
above those expected in occupancies classed as ordinary (moderate) hazard. These occupancies
could consist of woodworking, vehicle repair, aircraft and boat servicing, cooking areas, individual
product display showrooms, product convention center displays, and storage and manufacturing
processes such as painting, dipping, and coating, including flammable liquid handling. Also included
is warehousing or in-process storage of other than Class I or Class I commodities (Conroy, 1997
and NFPA 10).

B.4.4 References
Conroy, M.T. “Fire Extinguisher Use and Maintenance,” Section 6, Chapter 23, NFPA Fire
Protection Handbook, 18" Edition, A.E. Cote, Editor-in-Chief, National Fire Protection Association,

Quincy, Massachusetts. 1997.

NFPA 10, “Standard for Portable Fire Extinguishers,” 2002 Edition, National Fire Protection
Association, Quincy, Massachusetts.

NFPA 231, “Standard for General Storage,” National Fire Protection Association, Quincy,
Massachusetts.



B.5 Classes of Fires and Extinguishing Agents

One or more of the following mechanisms—more often, several of them simultaneously—can be
used to extinguish fire:

. Physically separating the combustible substance from the flame
. Removing or diluting the oxygen supply

. Reducing the temperature of the combustible or of the flame

. Introducing chemicals that modify the combustion chemistry

For example, when water is applied to a fire of a solid combustible burning in air, several
extinguishing mechanisms are involved simultaneously. The solid is cooled by the contact with
water, causing its rate of pyrolysis, or gasification, to decrease. The gaseous flame is cooled,
causing a reduction in heat feedback to the combustible solid and a corresponding reduction in the
endothermic pyrolysis rate. Steam is generated, which, under some confined conditions, may
prevent oxygen from reaching the fire. Water in the form of fog may block radiative heat transfer.

As another example, consider the application of a blanket of aqueous foam to a burning pool of
flammable liquid. Several mechanisms may be operative. The foam prevents the fire’s radiant heat
from reaching the surface and supplying the needed heat of vaporization. If the fire point of the
flammable liquid is higher than the temperature of the foam, the liquid is cooled and its vapor
pressure decrease. If the flammable liquid is water soluble, such as alcohol, then, by a third
mechanism, it will become diluted by water from the foam, and the vapor pressure of the
combustible will be reduced.

As yetan example, when dry chemical is applied to a fire, the following extinguishing mechanisms
may be involved:

. Chemical interaction with the flame
. Coating of the combustible surface
. Cooling of the flame

. Blocking of radiative energy transfer



The agent mentioned above—water, foam, and dry chemicals—each work by a combination of
several mechanisms, and the relative importance of the various contributions varies with
circumstances. Table B.5-1 provides the classes of fires with examples and extinguishing agent.

Table B.5-1. Fire Classes with Extinguishing Agents

Fire Description Examples Extinguishing Agents

Class

A Ordinary combustibles Wood, cloth, paper, Water, dry chemicals, foam,

rubber, and many some Halon
plastics

B Flammable liquids, gases, and Gasoline, oils, LPG, CO,, dry chemical agents,
liguid-derived solids paraffin or heavy Halon, foam (Class B

lubricants, grease extinguishers isolate the fuel
from the heat by cutting off
oxygen to the combustion
zone or by inhibiting and
interrupting the formation of
molecular chain reactions)

C The same fuels as Class A and B Energized Class A CO,, dry chemical agents,
fires, together with energized material, such as Halon (Extinguishers for Class
electrical equipment household C fires are rated according to

appliances the nonconductive properties
of the extinguishing agent)

D Combustible metals or metallic alloy | Magnesium, sodium, Dry chemical agents (Water
elements with combustible metal potassium, titanium, and water-based extinguishers
components zirconium, and should never be used on Class

lithium D fires. To be effective on a
Class D fire, an extinguisher
must suppress the fire without
reacting physically or
chemically with the
combustible metal materials)

K Cooking appliances that involve Vegetable or animal Dry chemical agents, CO,, wet
combustible cooking media oils and fats chemical agents




B.6 Classification of Flammable and Combustible Liquids

In common usage, flammable refers to a liquid that is readily ignited, burns rapidly and vigorously,
and produces a lot of thermal energy—in other words, heat. Combustible usually refers to a liquid
that is less easily ignited, burns less rapidly, and is, therefore, relatively safer. In simple terms,
flammable liquids produce vapors at normal room temperature in concentrations that can be easily
ignited by a small spark or flame. Combustible liquids do not produce vapors that can be ignited
at normal room temperature. However, if a combustible liquid is heated up to or above its flash
point, the vapors generated by the now-heated liquid can be ignited. In these cases, combustible
liquids can be just as dangerous as flammable liquids. And, some of them, hydrocarbon fuels for
examples, can burn just rapidly and evolve just much heat once they are ignited. Some common
combustible liquids—mineral spirits and paint thinners, for example—are blended so they are just
above the accepted dividing line between flammable and combustible. So, moderate heating of
these liquids or storing them in a very warm environment can also present a fire hazard.

B.6.1 Flammable Liquid

According to most fire safety codes (NFPA 30, “Flammable Combustible Liquids Code”), a
flammable liquid is generally defined as any liquid that has a closed-cup flash point below 37.8 °C
(100 °F). Flash points may be determined by procedures and apparatus set forth in ASTM D56,
D92, D93, D1310, or D3278.

NFPA 11 defined flammable liquids as any liquid having flash point below 37.8 °C (100 °F) and
having a vapor pressure not exceeding 276 kPa (40 psi) (absolute) at 37.8 °C (100 °F).

Flammable liquids can be divided into classes (which are further divided into sub-classes), based
on their flash points as summarizes in Table B.6-1. ClassI- Liquids have a flash point below 38 °C
(100 °F) and subdivided as follows:

Table B.6-1. Flammable Liquid Classifications
(NFPA 30, 2000 Edition)

Classification Flash Point (°F) Boiling Point (°F) Example(s)
Class 1A <73 <100 Ethyl ether
Flammable Acetic aldehyde,

Dimethyl sulfide, Furan

Class 1B <73 > 100 Ethyl alcohol, gasoline-

Flammable 92 octane,
Cyclohexane

Class IC >73 and < 100 N/A Butyl ether
Flammable
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B.6.2 Combustible Liquid
A combustible liquid is defined as any liquid that has a closed-cup flash point above 37.8 °C
(100 °F). Combustible liquids can be divided into classes (which are further divided into sub-

classes), based on their flash points as summarizes in Table B.6-2.

Class II Combustible liquids with flash points at or above 38 °C (100 °F), but below 60 °C
(140 °F).

Class III Combustible liquids with flash points at or above 60 °C (140 °F).

Table B.6-2. Combustible Liquid Classifications
(NFPA 30, 2000 Edition)

Classification Flash Point (°F) Boiling Point (°F) | Examples
Class II > 100 N/A Fuel oil # 1 (kerosene),
Combustible diesel fuel oil # 1-D/2-D/4-D,

glacial acetic acid, and
jet fuel (A & A-1)

Class IIT A > 140 and < 200 N/A Fuel oil # 6, creosote oil, and
Combustible butyl carbitol
Class III B > 200 N/A Fuel oil # 4, mineral oil, olive oil,
Combustible and lubricating oil

(motor oil)

Assume that a liquid spill occurs on a summer day when the ground has been heated by the sun
to 35 °C (95 °F). Clearly, a spill of Class I (flammable) liquid is extremely hazardous with regard
to fire; however, a spill of a Class II liquid is dangerous from a fire viewpoint only if a heat source
exists thatis capable of moderately raising the temperature of the liquid and a spill of Class III liquid
is safe from ignition unless a heat source exists that can substantially raise its temperature.



Table B.6-3 lists the flash points of some common flammable and combustible liquids. Notice the
wide range, from -43 °C to +243 °C (-45 °F to +469 °F). These values are meaningful only for bulk
liquids. If a liquid with a high flash pointis in the form of a spray, a froth, or a foam, with air present,
and comes into contact with even a very small ignition flame, the tiny amount of liquid in contact will
be immediately heated to above its flash point and will begin to burn. The combustion energy
released will vaporize the surrounding spray or foam, and the fire will propagate (spread).

Table B.6-3. Flash Points of Flammable and Combustible Liquids
(Benedetti, 1997)

Liquid Fuel Flash Point
°C (°F)
Class I (Flammable) Liquids
Gasoline -43 (-45)
n-Hexane -26 (-15)
JP-4 (jet aviation fuel) -18 (0)
Acetone -16 (3)
Toluene 9 (48)
Methanol 11 (52)
Ethanol 12 (54)
Turpentine 35 (95)
Class II (Combustible) Liquids
No.2 fuel oil (domestic) >38 (>100)
Diesel fuel 40-50 (104-131)
Jet A (jet aviation fuel) 47 (117)
Kerosene 52 (126)
No. 5 fuel oil >54 (>130)
Class III (Combustible) Liquids
JP-5 (jet aviation fuel) 66 (151)
SAE No. 10 lube oil 171 (340)
Triresyl phosphate 243 (469)




B.6.3 Storage of Flammable and Combustible Liquids

Flammable and combustible liquids are packed, shipped, and stored in bottle, drums, and other
containers ranging in size up to 60 gal (225 L). Additionally, liquids are shipped and stored in
intermediate bulk containers up to 793 gal (3,000 L) and in portable intermodal tanks up to 5,500
gal (20,818 L). Storage requirements for each these containers are covered in the NFPA 30
chapters entitled, “Containers and Portable Tank Storage,” with the exception of those portable
tanks larger than 793 gal (3,000 L) that are required to meet the applicable requirements covered
in the NFPA 30 chapter entitled, “Tank Storage.”

Examples of containers types used for the storage of liquids include glass, metal, polyethylene
(plastic), and fiberboard. The maximum allowable size for the different types of containers is
governed by the class of flammable or combustible liquid to be stored in it. Table B.6-4 lists the
maximum allowable size (capacity) of a container or metal tank used to store flammable and
combustible liquids.

Table B.6-4. Maximum Allowable Size of Containers and Portable Tanks
for Flammable and Combustible Liquids (NFPA 30, 2000 Edition)

Liquid Container Type Flammable Combustible
Liquid Liquid
Class Class Class Class Class
1A 1B 1C 11 111

Glass 1 pt 1qt 1 gal 1 gal 5 gal
Metal (other than DOT drum) or approved 1gal 5 gal 5 gal 5 gal 5 gal
plastic
Safety cans 2 gal 5 gal 5 gal 5 gal 5 gal
Metal drum (DOT specification) 60 gal 60 gal 60 gal 60 gal 60 gal
Approved metal portable tank and IBC 793 gal 793 gal 793 gal 793 gal 793 gal
Rigid plastic IBC (UN 31H1 or 31H2) or NP NP NP 793 gal 793 gal
composite IBC (UN 31HZ1)
Polyethylene (DOT specification 34, UN 1H1, 1 gal 5 gal 5 gal 60 gal 60 gal
or as authorized by DOT exemption)
Fiber drum NP NP NP 60 gal 60 gal
(NMFC or UFC Type 2A; Types 3A, 3B-H, or
3B-L; or Type 4A)

Sl Units - 1pt =0.473L; 1qt=0.95L; 1gal=3.8L
NP = Not Permitted

IBC = Intermediate Bulk Container

DOT = U.S. Department of Transportation
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B.6.4 Flammable Combustible Storage Cabinets

Most commercially available and approved storage cabinets are built to hold 60 gallons (227 liters)
or less of flammable and/or combustible liquids.

Not more than 120 gal (454 L) of Class 1, Class II, and Class IIIA liquids shall be stored in a
storage cabinet. Of this 120 gal total, not more than 60 gal (227 L) shall comprise Class I and
Class 1II liquids.

B.6.5 Definitions

Flash Point

The minimum temperature to which a liquid must be heated in a standardized apparatus, so that
a transient flame moves over the liquid when a small pilot flame is applied.

Alternately, the flash point of a liquid may be defined as the temperature at which the vapor and air
mixture lying just above its vaporizing surface is capable of just supporting a momentary flashing
propagation of a flame prompted by a quick sweep of small gas pilot flame near its surface (hence
the term flash point). The flash pointis mainly applied to liquids. The flash point of liquid is one of
its characteristics that normally determines the amount of fire safety features required for its
handling, storage, and transport.

Fire Point

The minimum temperature to which a liquid must be heated in a standardized apparatus, so that
sustained combustion results when a small pilot flame is applied, as long as the liquid is at normal
atmospheric pressure.

Boiling Point

The temperature at which the transition from the liquid to the gaseous phase occurs in a pure
substance at fixed pressure. Alternatively, the boiling point may be defined as the temperature at
which the vapor pressure of a liquid equals the surrounding atmospheric pressure. For purposes
of defining the boiling point, atmospheric pressure shall be considered to be 14.7 psia (760 mm
Hg). For mixtures that do not have a constant boiling point, the 20-percent evaporated point of a
distillation performed in accordance with ASTM D86, “Standard Method of Test for Distillation of
Petroleum Products,” shall be considered to be the boiling point.

Autoignition
Initiation of fire or combustion by heat but without the application of a spark or flame.

Autoignition Temperature
The lowest temperature at which a mixture of fuel and oxidizer can propagate a flame without the
aid of an initiating energy source (pilot, spark, or flame).

High-Risk Fuel

Class IA, 1B, IC, or Il liquids as defined by NFPA 30, “Flammable and Combustible Liquids Code,”
or Class IIIA, or III B liquids heated to within 10 °C (50 °F) of their flash point, or pressurized to
174.4 kPa (25.3 psi) or more.

B-21



B.6.6 Hazardous Materials

A substance (solid, liquid, or gas) capable of creating harm to people, property, and the
environment. The general category of hazard assigned to a hazardous material under the U.S.
Department of Transportation (DOT) regulation. Table B.6-5 lists the hazardous material

classification.

Table B.6-5. Hazardous Material Classification

Hazard Class

Description

Class 1 - Explosives

Division 1.1 Explosive with a mass explosion hazard
Division 1.2 Explosives with a projection hazard
Division 1.3 Explosives with predominantly a fire hazard
Division 1.4 Explosives with no significant blast hazard
Division 1.5 Very insensitive explosives

Division 1.6 Extremely insensitive explosive articles
Class 2

Division 2.1 Flammable gas

Division 2.2 Nonflammable, non-poisonous compressed gas
Division 2.3 Poison gas

Division 2.4 Corrosive gas

Class 3 - Flammable Liquid
Division 3.1

Flammable liquids, flash point < 0 °F

Division 3.2 Flammable liquids, flash point O °F and above but < 73 °F

Division 3.3 Flammable liquids, flash point 73 °F and up to < 141 °F
combustible liquid

Class 4

Division 4.1 Flammable solid

Division 4.2 Spontaneously combustible material

Division 4.3 Dangerous when wet material

Class 5

Division 5.1 Oxidizer

Division 5.2 Organic peroxide

Class 6

Division 6.1 Poisonous material

Division 6.2 Infectious material

Class 7 Radioactive material

Class 8 Corrosive material

Class 9 Miscellaneous hazardous material, ORM-D material
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B.6.7 References

Benedetti, R.P., Editor, “Flammable and Combustible Liquids Code Handbook,” 6" Edition, National
Fire Protection Association, Quincy, Massachusetts, 1997.

NFPA 11, “Standard for Low-Expansion Foam,” 2002 Edition, National Fire Protection Association,
Quincy, Massachusetts.

NFPA 30, “Flammable and Combustible Liquids Code,” 2000 Edition, National Fire Protection
Association, Quincy, Massachusetts.
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B.7 Classification of Flammable Gases
B.7.1 Classification

Flammable gases are classified according to the maximum experimental safe gap (MESG), which
prevents flame passage. MESG is determined by test IEC 79-1A, “Electrical Apparatus for
Explosive Gas Atmospheres,” International Electrotechnical Commission (IEC), 1975

(Senecal, 1997).

Class I Group A - acetylene
Group B - hydrogen
Group C - ethylene
Group D - propane

Division 1 Flammable gases or combustible dust may be present at ignitable concentrations,
under normal operating conditions.

Division 2 Where hazardous materials may be handled, processed, or used; ignitable
atmospheres not normally present due to containment or ventilation of hazardous
materials; areas adjacent to Division 1 locations.

B.7.2 Definitions

Flammable Limits
The minimum and maximum concentration of combustible material in a homogeneous mixture with
a gaseous oxidizer that will propagate a flame.

Upper and Lower Flammability Limits
Concentration of fuel in air in which a premixed flame can propagate.

Lower Flammability Limit
The lowest concentration of fuel in air at normal temperature and pressure that can support flame
propagation is known as the lower flammability limit (LFL) or lower explosive limit (LEL).

Upper Flammability Limit
The highest concentration of fuel in air at normal temperature and pressure that can support flame
propagation is known as the upper flammability limit (UFL) or upper explosive limit (UEL).

B.7.3 Reference

Senecal, J.A., “Explosion Prevention and Protection,” Section 4, Chapter 14, NFPA Fire Protection
Handbook, 18" Edition, A.E. Cote, Editor-in-Chief, National Fire Protection Association, Quincy,
Massachusetts, 1997.

B-24



B.8 Flammability Hazards of Gases
B.8.1 Flammability Potential of Gases

Flammability hazards in a tank or vessel dependent upon the potential for developing a flammable
fuel/oxidant/inert gas mixture in the tank or vessel head space. Mixtures of fuel and air are only
flammable for limited fuel-to-air ratio. The most flammable mixture is a stoichiometric mixture, in
which the fuel and air (oxygen) are presentin exactly the right proportions for oxidation, as dictated
by the stoichiometry of the fuel/oxygen combustion reaction. Mixtures with some excess oxygen
or excess fuel are also flammable, the lowest concentration of fuel in air that can support flame
propagation at normal temperature and pressure is known as the lower explosive limit (LEL).
Similarly, the highest concentration of fuel in air that can support flame propagation at normal
temperature and pressure is known as the upper explosive limit (UEL). Mixtures of fuel in air with
intermediate fuel concentrations will support flame propagation.

The flammability of gas mixtures is determined by one of two widely utilized laboratory methods.
The first method uses a 5-foot-long tube that is filled with the test mixture, and a spark is used to
ignite the mixture at one end to observe whether ignition occurs and whether the flame can
propagate to the other end of the tube. The second method uses a spherical tank or vessel that
is filled with the test mixture, and a spark is used to ignite the mixture at the center of the tank or
vessel to measure the pressure increase to determine whether flame propagation occurred
throughout the tank or vessel (Beyler, 1995). The spherical vessel test method is more
representative of an actual tank or vessel than is the tube method.

The terms “explosive limits” and “flammable limits” are used interchangeably in the technical
literature. Explosive limits simply refer to compositions, which define when flame propagation is
possible. The flame propagation is known as a deflagration and results in a pressure increase as
the flame passes through a vessel. This resulting overpressure is the origin of the term explosive
limit, where an explosion is any event, that results in a sudden overpressure in the vessel.

When the LEL mixture has excess oxygen and insufficient fuel for complete burning, the mixture
is known as “fuel lean.” The potential heat output, which defines how hot the products of
combustion can be is limited not by oxygen, but by fuel concentration. The ideal “no heat loss”
post-combustion temperature is known as the “adiabatic flame temperature” (AFT). For most
flammable gases, the AFT at atmospheric pressure is about 2,300 K (3,680 °F) for stoichiometric
mixtures of fuel in air, and is reduced to about 1,600 K (2,420 °F) for LEL mixtures. The AFT can
be calculated using any of a number of chemical equilibrium computer programs, like STANJAN
(Reynolds, 1986). The use of such a computer program allows the analysis to be performed for a
tank-specific mixture, so that the results are representative of the actual tank environment.
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B.8.2 Flammability Potential of Hydrogen

Hydrogen is a highly flammable gas with novel flammability properties and unusually broad
explosive limits. Based on upward propagation in the standard flammability tube, the LEL is
4-percent hydrogen in airand the UEL is 75-percent (Zabetaskis, 1965). For mostgases, the LELs
for upward and downward propagation do no differ greatly. However, for hydrogen, the LEL for
downward propagation is 8-percent (Furno et al., 1971). The significance of this difference is that
in order for the flame to propagate throughout a tank or a vessel, it must propagate in all directions.
As such, overpressures associated with hydrogen explosions are not observed at hydrogen
concentrations below 8-percent. This behavior was observed by Furno et al., 1971, in 12-foot
spherical vessel experiments using lean hydrogen/air mixtures. Overpressures were only
measured above 8-percent hydrogen, and the pressures did not match the theoretical
overpressures until about 10-percent hydrogen. Thus, while the LEL of hydrogen is widely quoted
as 4-percent, explosion hazards will not occur below 8-percent.

The novel behavior of hydrogen is notreflected in documents like NFPA 69, “Standard on Explosion
Prevention Systems.” As such, standards of care like NFPA 69, provide an implicit additional safety
factor for hydrogen that should be understood in assessing hazards.

B.8.3 Flammable Limits, Detonable Limits, and Potential for Deflagration-to-Detonation
Transitions

The formation of flammable fuel/oxidant mixtures within a tank can lead to premixed flame
propagation in the form of deflagration or a detonation. The formation of a flammable mixture can
result from steady-state generation and transport of flammable gases and oxidizers from an
aqueous solution or waste containing radioactive isotopes, from episodic releases of such gases
trapped within the waste, or from the formation of large gas bubbles within the waste which contain
flammable mixtures of fuels and oxidizers.

Before assessing the potential flammable gas generation rates and resulting flammable gas
mixture, itis useful to assess the relevant limits. In mixtures with fuel gas concentrations above the
LEL indefinite propagation of a deflagration is possible. Above the detonable limit, indefinite
propagation of a detonation is possible given a source that is capable of directly detonating the
mixture. While LELs are a property of the mixture alone, the detonable limits are also impacted by
the environment. The ability for a deflagration-to-detonation transition (DDT) is contingent upon
both the mixture and the environment. The primary flammable gas is hydrogen.

B.8.4 Flammable Gas Generation

Flammable gases are generated with the aqueous solution or waste by several processes within
a tank or a vessel. Specifically, these processes may include (1) radiolysis of the water and waste
to produce hydrogen and ammonia, (2) corrosion of the steel liner to produce hydrogen, and
(3) chemical decomposition of the waste. These processes generate hydrogen, methane, ammonia,
and nitrous oxide, the first three of which are flammable gases, while the fourth is an oxidizer.
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B.8.5 Explosion Prevention Methods

The flammability of a tank or vessel can be managed by controlling either the flammable gas
concentration or oxygen concentration. Where the oxygen concentration is to be controlled, it
needs to be maintained below the limiting oxidant concentration (LOC) (NFPA 69). (LOC is defined
as the concentration of oxidant below which deflagration cannot occur is a specified mixture).
Safety margins require maintaining the oxygen at 60-percent of the LOC if the LOC is above 5-
percent, or 4-percent of the LOC if the LOC is below 5-percent. Where flammability is measured
by controlling the flammable gas concentration, it needs to be maintained below 25 percent of the LEL.

Control of the oxygen concentration is achieved through the use of an inert purge gas. By contrast,
control of flammable gas concentration is normally achieved through air dilution or by controlling
of flammable gas evolution or regeneration or by catalytic oxidation of flammable gases.

While NFPA 69, provides standards for inerting the tanks, such inerting is not required by codes
and standards for flammable liquid storage containers, such as the Uniform Fire Code Article 79;
1997, NFPA 30, 1996 Edition; 49 CFR; FM Data Sheet 7-88, “Storage Tanks for Flammable and
Combustible Liquids,” 1999; and FM Data Sheet 7-29, “Flammable Liquid Storage,” 1999. These
codes and standards recognize that ignition sources will not be present in passive containers, so
thatitis not necessary to control the composition of gases in the tank. By contrast, FM Data Sheet
7-32, “Flammable Liquids Operation,” 1993, recommends that processing equipment with the
potential for an explosion should have at least one of the following characteristics:

. equipped with explosion venting

. designed to withstand the explosion overpressure
. fitted with an inerting system

. fitted with an explosion suppression system

Tank inerting is recognized as a means of preventing explosions in processing vessels, which are
inherently dynamic systems where ignition sources can be limited but not excluded.
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B.9 Combustion Properties of Pure Metals in Solid Form

Nearly all metals will burn in air under certain conditions. Some oxidize rapidly in the presence of
air or moisture, generating sufficient heat to reach their ignition temperatures. Others oxidize so
slowly that heat generated during oxidation dissipates before the metal becomes hot enough to
ignite. Certain metals (notably magnesium, titanium, sodium, potassium, lithium, zirconium,
hafnium, calcium, zinc, plutonium, uranium, and thorium) are referred to as “combustible metals”
because of the ease of ignition when they reach a high specific area ratio (thin sections, fine
particles, or molten states). However, the same metals are comparatively difficult to ignite in
massive solid form. Some metals (such as aluminum, iron, and steel) that are not normally thought
of as combustible, may ignite and burn when in finely divided form. Clean fine steel wool, for
example, may ignite. Particle size, shape, quantity, and alloy are important factors to be considered
when evaluating metal combustibility. Combustibility of metallic alloys may differ and vary widely
from the combustibility characteristics of the alloys’ constituent elements. Metals tend to be most
reactive when in finely divided form and may require shipment and storage underinert gas or liquid
to reduce fire risks.

Hot or burning metals may react violently upon contact with other materials, such as oxidizing
agents and extinguishing agents used on fires involving ordinary combustibles or flammable liquids.
Temperatures produced by burning metals can be higher than temperatures generated by burning
flammable liquids. Some metals can continue to burn in carbon dioxide, nitrogen, water, or steam
atmospheres in which ordinary combustibles or flammable liquids would be incapable of burning.

Properties of burning metal cover a wide range. Burning titanium, for example, produces little
smoke, while burning lithium exudes dense and profuse smoke. Some water-moistened metal
powders (such as zirconium) burn with near-explosive violence, while the same powder wet with
oilburns quiescently. Sodium melts and flows while burning; calcium does not. Some metals (such
as uranium) acquire an increased tendency to burn after prolonged exposure to moist air, while
prolonged exposure to dry air makes it more difficult to ignite.

The toxicity of certain metals is also an important factor in fire suppression. Some metals
(especially heavy metals) can be toxic or fatal if they enter the bloodstream or their smoke fumes
are inhaled. Metal fires should never be approached without proper protective equipment
(clothing and respirators).

A few metals (such as thorium, uranium, and plutonium) emitionizing radiation that can complicate
fire fighting and introduce a radioactive contamination problem. Where possible, radioactive
materials should not be processed or stored with other pyrophoric materials because of the
likelihood of widespread radioactive contamination during a fire. Where such combinations are
essential to operations, appropriate engineering controls and emergency procedures should be in
place to prevent or quickly suppress fires in the event that the controls fail.

Because extinguishing fires in combustible metals involves techniques not commonly encountered
in conventional fire fighting operations, it is necessary for those responsible for controlling
combustible metal fires to be thoroughly trained before an actual fire emergency arises. Table B.9-1
lists the melting, boiling, and ignition temperatures of pure metals in solid form.
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Table B.9-1. Melting, Boiling, and Ignition Temperatures of Pure Metals in Solid Form
(Tapscott, 1997, © NFPA. With permission.)

Pure Metal Melting Point Boiling Point Solid Metal Ignition
Temperature

°C °F °C °F °C °F
Aluminum 660 1,220 | 2,452 4,445 555° ¢ 1,832"¢
Barium 725 1,337 | 1,140 2,084 175° 347°
Calcium 824 1,548 | 1,440 2,625 704 1,300
Hafnium 2,223 | 4,023 | 5,399 9,750 - -
Iron 1,535 2,795 | 3,000 5,432 930° 1,706°
Lithium 186 367 1,336 2,437 180 356
Magnesium 650 1,202 | 1,110 2,030 623 1,153
Plutonium 640 1,184 | 3,315 6,000 600 1,112
Potassium 62 144 760 1,400 69b 156°
Sodium 98 208 880 1,616 115¢ 239°
Strontium 774 1,845 | 1,150 2,102 720° 1,328°
Thorium 1,845 3,353 | 4,500 8,132 500° 932b
Titanium 1,727 3,140 | 3,260 5,900 1,593 2,900
Uranium 1,132 2,070 | 3,815 6,900 3,815>°¢ 6,900 ¢
Zinc 419 786 907 1,665 900° 1,652°
Zirconium 1,830 |3,326 |3,577 6,470 1,400° 2,552°
Notes:
(a) Variation of test conditions may produce different results
(b) Ignition in oxygen
(c) Spontaneous ignition on moist air
(d) Above indicated temperature
(e) Below indicated temperature

B.9.1 Reference
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B.10 Extinguishing Agents for Metal Fires

Water is not usually recommended for fires involving metals since a number of metals can react
exothermically with water to form hydrogen, which, of course, burns rapidly. Furthermore, violent
steam explosions can result if water enters molten metal. As an exception, fires have been
successfully extinguished when large quantities of water were applied to small quantities of burning
magnesium in the absence of pools of molten magnesium.

Table B.10-1 lists extinguishing agents used for various metal fires. In general, metal fires are
difficult to extinguish because of the very high temperatures involved and the correspondingly long
cooling times required. Note that certain metals react exothermically with nitrogen or carbon
dioxide, so the only acceptable inert gases for these metals are helium and argon. Halons should
not be used on metal fires.

Table B.10-1. Extinguishing Agents for Metal Fires
(Tapscott, 1997, © NFPA. With permission.)

Extinguishing Agent Main Ingredient Used On

Powders

Metal Guard® Graphite Al, Ca, Hf, K, Li, Mg, Na, Pu, Th, Ti, U, Zr
Met-L-X® NacCl Al, K, Mg, Na, Ti, U, Zr

TEC® powder

KClI, NaCl, BaCl,

K, Mg, Na, Pu, U

Lith-X® Graphite Li, Mg, Na, Zr
Na-X® Sodium carbonate Na

Copper powder Cu Al, Li, Mg
Salt NaCl K, Mg, Na
Soda ash Sodium carbonate K, Na

Gases

Argon Ar Any metal
Helium He Any metal
Nitrogen N, K, Na

Boron trifluoride BF, Mg

Al-Aluminum, Ca-Calcium, Hf-Hafnium, K-Potassium, Li-Lithium, Mg-Magnesium,
Na-Sodium, Pu-Plutonium, Th-Thorium, Ti-Titanium, U-Uranium, Zr-Zirconium
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B.11 Occupancy Classification and Use Groups

National Fire Code (NFC) requirements are occasionally tied to specific type of occupancy. While
NPPs are fundamentally industrial occupancy, itis important to have a basic understanding of other
occupancy classifications in order to be able to recognize this connection.

The use group classification of a building is probably the most significant design factor that affects
the safety of the occupants and fire suppression forces that are called upon in the event of fire. The
building’s height and size, type of construction, type and capacity of exit facilities, and fixed fire
suppression systems are all dependent on this classification. The use group classification system
as the foundation for the building and fire prevention codes.

B.11.1 Occupancy Classification

The model building codes’ and NFPA 101 (Life Safety Code®) separate buildings into about
10 general uses:

. Assembly

. Business

. Educational

. Factory or Industrial

. High Hazard or Hazardous

. Institutional

. Mercantile

. Residential

. Storage

. Utility, Miscellaneous, or Special

Model Building Codes; National Fire Protection Association, NFPA 5000; International Code
Council, Inc., International Building Code (IBC)
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The uses are further separated into use groups based on specific characteristics. A church, a
nightclub, and a family restaurant are all assemblies, but the specific characteristics of their
occupants and functions differ drastically, requiring different built-in levels of protection. The
occupants of a church are probably very familiar with the building that they occupy. They have
been there before and they know the locations of alternative exits. The occupants of a nightclub
may not be so familiar with the building. Dim lighting, loud music, and impairment by alcohol are
all common features that may further compromise the ability of the occupants to identify a fire
emergency and take appropriate measures to escape:

Assembly (A) occupancies are subdivided by function, as well as the number of occupants
they hold. Assemblies that hold fewer than 50 persons are generally considered to be less-
restrictive business uses. The International Building Code (IBC) further subdivides
assemblies that hold many people. Such assemblies include churches, restaurants with
occupantloads that exceed 50 persons, auditoriums, armories, bowling alleys, courtrooms,
dance halls, museums, theaters, and college classrooms that hold more than 50 persons.

Business (B) areas include college classrooms with occupant loads up to 50, doctor’s and
other professional offices, fire stations, banks, barber shops, and post offices. Dry cleaners
who use noncombustible solvents (Types IV and V) also qualify as Business uses.

Educational (E) areas include facilities that are not used for business or vocational training
(shop areas) for students up to and including the twelfth grade. Colleges and universities
are Business or Assembly areas (depending on the number of occupants). Day care
facilities may be classified as Educational or Institutional depending on the model code.

Factory or Industrial (F) areas include industrial and manufacturing facilities and are
subdivided into moderate and low-hazard facilities. High-hazard factory and industrial areas
are bumped up from the F Use Group to the H Use Group. Dry cleaners employing
combustible solvents (types II and III) are moderate-hazard factory and industrial uses.

High Hazard or Hazardous (H) areas are those in which more than the exempt amount of
a hazardous material or substance is used or stored. Exempt amounts of hazardous
materials are not exempt from the provisions of the code. They are threshold amounts by
material, above which the occupancy must comply with the stringent requirements of the
H Use Group.

Institutional (1) areas may include halfway houses and group homes, hospitals and nursing
homes, and penal institutions. The model codes differ in their breakdown. Care must be
taken when considering homes for adults and day care centers as to whether the occupants
are ambulatory or capable of self-preservation. The model codes all contain significantly
more stringentrequirements for institutional occupancies where a “defend-in-place” strategy
is necessary because of the inability of the occupants to flee the structure without
assistance.

Mercantile (M) uses include retail shops and stores and areas that display and sell stocks
of retail goods. Automotive service stations thatdo minor repairs are considered Mercantile
uses.

Residential (R) areas include hotels and motels, dormitories, boarding houses, apartments,
townhouses, and one- and two-family dwellings.
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. Storage (S) areas are used for to store goods and include warehouses, storehouses, and
freight depots. Storage uses are separated into low- and moderate-hazard storage uses.
Auto repair facilities that perform major repairs, including engine overhauls and body work
or painting, are considered Moderate-Hazard Storage Occupancies by the International
Building Code (IBC). Occupancies that store more than the exempt amounts of hazardous
materials or substances are considered H Use Group Occupancies.

. Utility (U), Miscellaneous, or Special Structures, depending on the model code, include
those that are not classified under any other specific use. Such structures may include tall
fences cooling towers, retaining walls, and tanks.

. Mixed-use buildings often contain multiple occupancies with different uses. For example,
a three-story building might have a restaurant (assembly) and computer store (mercantile)
on the first floor and professional offices throughout the rest of the building. The model
code provides for such situations either by requiring that the whole building be constructed
to all requirements of the most restrictive use group or by separating the areas with fire-
rated assemblies, or by separating the building with fire walls, thereby creates separate
buildings. By far the least expensive and most attractive method of separating mixed uses
is by using fire separating assemblies, but this method is sometimes impossible because
of building height and area requirements.

B.11.2 Special Use and Occupancy Requirements

Formostbuildings and structures, assigning a use group and then specifying building requirements
for all buildings within that use group works relatively well. Most mercantile occupancies share
common hazards. Most business occupancies have similar occupants and processes. But what
if a given business happens to be on the twenty-sixth floor of a high-rise building? Or what if the
men’s clothing store is in the middle of a giant shopping mall? The relative hazards suddenly
change, and we begin comparing apples to oranges.

Building codes provide an enhanced level of protection for certain occupancies to compensate for
special hazards over and above those posed by the use of the building. The inherent hazards
posed by being located 26 stories above the ground or in a large open area with high fire loading
such as a shopping mall are addressed as special use requirements.

B.11.3 Code Advances/Changes

It is important to recognize that NPPs have their design basis rotted in 1970's era code
requirements. In some cases, fire science advances revise, or establish new code requirements.
A good example is carpeting found in the MCR. The original NPPs required ASTM E84, “Standard
Test for Surface Characteristics of Building Materials,” Class A flame spread requirements. Fire
science advances have developed more specialized test methods for carpeting, ASTM E648,
“Standard Test Method for Critical Radiant Flux of Floor-Covering Systems Using a Radiant Heat
Energy Source.” As a result of this, manufacturers do not test the material to 1970's vintage test
method. When NPPs perform a plant modification (e.g., replace the carpet in the MCR, since
ASTM E84 rated carpet is no longer manufactured), the licensee will either have to perform their
own ASTM E84 testing on the proper carpet or prepare an engineering analysis on the
commercially available carpeting that is tested to newer test methods recognized by NFPA 101,
“Life Safety Code®.”
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Another area of change is cable flame spread testing. Since no new NPPs are being built there is
little incentive for cable vendors to qualify electrical cables to IEEE 383 requirements. In parallel,
the building code groups are recognizing by grouped electrical cables and testing organizations
prepared specialized test methods and rating systems based on application of the cable: UL 910,
“Test Method for Fire and Smoke Characteristics of Electrical and Optical-Fiber Cables Used in Air
Handling Spaces”; UL 1581, “Reference Standard for Electrical Wires, Cables, and Flexible Cords”;
UL 1666, “Standard Test for Flame Propagation Height of Electrical and Optical-Fiber Cable
installed Vertically in Shafts”; and UL 1685, “Fire Test of Limited-Smoke Cables.”
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B.12 Building Limitations and Types of Construction

Two of the most effective methods used over the years to limit potential fire spread and prevent
conflagration have been limiting the size of buildings and regulating the materials used in their
construction. One of the primary purposes of a building code is to prescribe standards that will
keep buildings from falling down. Besides gravity, there are many forces that act against a building.
Snow loads, wind loads, and potential earthquake loads are provided for in the building code for
design and construction of buildings. It can be considered that the potential force that requires the
most extensive code provisions is fire. Large portions of the model building codes address fire
protection issues, fire safety, emergency egress, and structural stability.

The key to understanding building code provisions for structural protection from fire is the concept
of fire resistance. In broad terms, fire resistance (also called fire endurance) it is the ability of a
building to resist collapse or total involvement in fire. Fire resistance is measured by the length of
time typical structural members and assemblies resist specified temperatures. The building codes
define fire resistance as that property of materials or their assemblies which prevents or retards the
passage of excessive heat, hot gases, or flames under conditions of use.

B.12.1 Types of Construction

There are three key points to remember when dealing with building construction types:
. All construction is either combustible (it will burn) or noncombustible (it won’t).

. When applied to construction materials, “protected” refers to measures to reduce or
eliminate the effects of fire encasement. Concrete, gypsum, and spray-on coatings are all
used to protect construction elements. When the code means “protected with a sprinkler
system,” it will say just that.

. Having the ability to determine the construction type by eyeballing a building is not a
requirement.
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B.12.2 Five Construction Types

The model building codes and NFPA 220, “Standard on Types of Building Construction,” recognize
five construction types. The Standard Building Code subdivides noncombustible construction and
uses six types. The terms vary a little between the different codes, but the concept is the same,
based on the classifications from NFPA 220.

Type I Fire Resistive

In Type I construction, the structural elements are noncombustible and protected. Type I
is divided into two or three subtypes, depending on the model code. The difference
between them is the level of protection for the structural elements (expressed in hours).
Only noncombustible materials are permitted, and structural steel must not be exposed. A
high-rise building with an encased steel structure is an example of a Type I building.

Type I Noncombustible

In Type II construction, the structural elements are either noncombustible or limited
combustible. Type 11 is subdivided into subtypes, dependent upon the level of protection
(in hours) for the structural elements. The buildings are noncombustible, but afford limited
or no fire resistance to the structural elements. A strip shopping center, with block walls,
steel bar joists, unprotected steel columns, and a steel roof deck is an example of a Type
II building.

Type 111

Limited Combustible (Ordinary) In Type III construction, the exterior walls are
noncombustible (masonry) and may be rated based on the horizontal distance to exposure.
The interior structural elements may be combustible or a combination of combustible and
noncombustible. Type IIl is divided into two subtypes (protected and unprotected). The
brick, wood joisted buildings that line city streets are of Type III (ordinary) construction.
Buildings with a masonry veneer over combustible framing are not Type III.

Type IV

Heavy Timber In type IV construction, the exterior walls are noncombustible (masonry) and
the interior structural elements are unprotected wood of large cross-sectional dimensions.
Columns must be at least 8 inches if they support a floor load, joists, and beams must be
a minimum of 6 inches in width and 10 inches in depth. Type IV is not subdivided. The
inherent fire-resistant nature of large-diameter wood members is taken into account.
Concealed spaces are not permitted.

Type V
Wood Frame In Type V construction, the interior structure may be constructed of wood or
any other approved material. Brick veneer may be applied, but the structural elements are
wood frame. Type V is divided into two subtypes (protected and unprotected), again
depending on the protection provided for the various structural elements.
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B.12.3 Fire Resistance Ratings

The various model codes and NFPA 220 each have a table containing the rating (in hours) of the
various structural elements. Table B.12-1 summarizes the required ratings by building component
type, depending upon the construction classification of the building. The construction type
classifications used by the International Building Code (IBC) and NFPA 220 do not exactly match,
type for type. The National Fire Protection Association is consistent, however, within its different
standards; therefore, the construction type classifications in NFPA 5000 and NFPA 220 are
identical. Table B.12-1 provides an approximate comparison. A notational system was developed
to identify the fire resistance required for the three basic elements of the building. These elements
are (1) the exterior wall, (2) the primary structural frame, and (3) the floor construction. A three-digit
notation was developed, as follows:

(1) First digit: Hourly fire resistance requirement for exterior bearing wall fronting on a street
or lot line.
(2) Second digit: Hourly fire-resistance requirement for a structural frame or columns and

girders supporting loads from more than one floor.

(3) Third digit: Hourly fire resistance requirement for floor construction.
Thus, forexample, a “332” building would have 3-hour fire-resistant exterior bearing walls, a 3-hour

fire resistant structural frame, and 2-hour fire-resistant floor construction, and would correspond to
the NFPA 220 Type I (332) building and the International Building Code (IBC) Type IA building.

Table B.12-1. Construction Classifications of the Model Codes and NFPA 220

NFPA 220 & 1 1 II 11 II 11 111 v A/ A/
NFPA 5000 443 332 222 111 000 211 200 2HH 111 000
IBC - 1A 1B 1A 1IB IIIA 111B I\ VA VB
Table 601
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B.13 Deep-Seated Fires in Class A Solid Materials

B.13.1 General Information

Two types of fires can occurin Class A (ordinary) combustibles materials (e.g., wood, cloth, paper,
rubber, and many plastics including cable insulation). In the first type, commonly known as flaming
combustion, the source of combustion is volatile gases resulting from heating or decomposition of
the fuel surface. In the second type, commonly called smoldering or glowing combustion oxidation
occurs at the surface of, or within, the mass of fuel. These two types of fires frequently occur
concurrently, although one type of burning may precede the other. For example, a wood fire may
start as flaming combustion and become smoldering as burning progresses. Conversely,
spontaneous ignition in a pile of oily rags may begin as a smoldering fire and break into flames at
some later time (Friedman, 1997).

Smoldering combustion cannot be immediately extinguished like flaming combustion. This type of
combustion is characterized by a slow rate of heat loss from the reaction zone. Thus, the fuel
remains hot enough to react with oxygen, even though the rate of reaction, which is controlled by
diffusion processes, is extremely slow. Smoldering fires can continue to burn for many weeks, for
example in bales of cotton and jute and within heaps of sawdust or mulch. A smoldering fire
ceases to burn only when all of the available oxygen or fuel has been consumed, or when the
temperature of the fuel surface becomes too low to react. These fires are usually extinguished by
reducing the fuel temperature, either directly by applying a heat absorbing medium (such as water),
or indirectly by blanketing the fuel with an inert gas. In the latter case, the inert gas slows the rate
of reaction to the point at which heat generated by oxidation is less than the heat lost to the
surroundings. This causes the temperature to fall below the level necessary for spontaneous
ignition following removal of the inert gas atmosphere.

Smoldering fires are divided into two classes, in which the fire is either deep-seated or not.
Basically, “deep-seated” implies the presence of sub-surface smoldering combustion that may
continue for some time after surface flaming is suppressed. Deep-seated fires may become
established beneath the surface of fibrous or particulate material. This condition may result from
flaming combustion at the surface or from the ignition within the mass of fuel. Smoldering
combustion then progresses slowly through the mass. Whether a fire will become deep-seated
depends, in part, on the length of time it has been burning before the extinguishing agentis applied.
This time is usually called the “pre-burn” time (Nolan, 2001).

As described above, a deep-seated fire is embedded in the material being consumed by
combustion. To extinguish deep-seated fires, an individual must investigate the interior of the
material once the surface fire has been extinguished to determine whether interior smoldering has
also been extinguished by a gaseous agent. It should be noted, however, that the concentration
of the extinguishing agent must be adequate—and must be applied for an adequate duration—to
ensure that the smoldering has been effectively suppressed.
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B.13.2 Deep-Seated Cable Fires

A deep-seated fire occurs in cables when the burning involves pyrolysing beneath the surface, in
addition to a surface phenomenon. This is postulated to occur when the cable fire reaches the
stage of a fully developed fire. Extinguishing a cable surface fire does not guarantee that a deep-
seated fire is also eliminated. A deep-seated fire is very difficult to suppress since fire suppressing
agent cannot easily get to the seat of the fire, and it is also difficult to detect since combustion is
primarily under the cooler surface.

Electrical cable fire tests have been conducted at the Sandia Fire Research Facility (Schmidt and
Krause, 1982) in order to evaluate cable tray fire safety criteria. A burn mode concept was
developed in order to describe and classify the thermodynamic phenomena which occur in the
presence of smoke and to compare the fire growth and recession of different cable types under
otherwise unchanged fire test conditions. The importance of deep-seated fires in cables trays from
the standpoint of propagation, detection, and suppression is emphasized. The cable tray fire tests
demonstrate that fire recession and deep-seated fires can result from a decreasing smoke layer
and that reignition and secondary fire growth is possible by readmission of fresh air.

B.13.3 Deep-Seated Charcoal Fires

The use of activated charcoal in NPPs presents a potential for deep-seated fires. Simply, that if
it says that it is combustible, that it may be ignited, and that if it does become ignited, it is likely to
become a deep-seated fire. It does not predict the frequency of those fires, nor form of ignition
(Holmes, 1987). On July 17,1977, a fire occurred atthe Browns Ferry Nuclear Power Plant (BFNP)
in Unit 3 off-gas system charcoal adsorber bed (Crisler, 1977). The elevation in adsorber bed
temperature caused temperature rises of sufficient magnitude to cause carbon ignition.
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B.14 Special Hazard Gaseous Fire Extinguishing Agents
B.14.1 Introduction

A gaseous (or gas phase) fire suppression agent remains in the gaseous state at normal room
temperature and pressure. It has low viscosity, can expand or contract with changes in pressure
and temperature, and has the ability to diffuse readily and distribute itself uniformly throughout an
enclosure. Gaseous fire extinguishing agents are categorized into two distinct classes, including
halocarbon and inert gases (such as nitrogen and mixtures containing argon). Halocarbon agents
(e.g., Halon 1301) act largely by absorbing although they also have some chemical effect on flame
combustion reactions. Inertagents contain unreactive gasesthatactprimarily by oxygen depleting.
One important advantage of gaseous agents is that no cleaning is required if the agent is released
in the absence of a fire; a couple of minutes of venting is all that is required. However, gaseous
agents with the exception of Halon require a rather large storage area; this is particularly for
nitrogen and argon, which are usually stored as compressed gases.

Halogenated extinguishing agents are hydrocarbons in which one or more hydrogen atoms in an
organic compound (carbon) have been replaced by atoms from halogens (the chemicals in group
7 of the periodic table of the elements) chlorine (Cl), fluorine (F), bromine (Br), or iodine (l). This
substitution confers flame extinguishing properties to many of the resulting compounds that make
them useable for certain fire protection applications. The three halogen elements commonly found
in Halon extinguishing agents used for fire protection are fluorine, chlorine, and bromine.
Compounds containing combinations of fluorine, chlorine, and bromine can possess varying
degrees of extinguish